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ABSTRACT 


An  experimental  technique  for  measuring  electron  beam 
emittance  using  Optical  Transition  Radiation  (OTR)  with  the 
Wartski  Interferometer  Method  has  been  applied  to  the  Naval 
Postgraduate  School  linear  electron  accelerator.  Data  for 
obtaining  the  emittance  of  the  NPS  linac  has  been  collected. 
A  chronology  of  the  procedure  for  using  OTR  as  a  beam 
diagnostic  at  the  NPS  Linac  is  described  in  detail. 

A  novel  OTR  beam  monitor  consisting  of  a  surface 
purposely  made  diffuse  was  also  developed  and  proved  to  be  an 
excellent  profile  monitor.  It  can  be  used  to  measure  the 
shape  of  the  electron  beam  incident  on  a  vacuum/metal 
interface  over  a  viewing  angle  range  of  +/-30  degrees.  Beam 
current  and  profile  measurements  using  the  diffuse  screen  were 
compared  with  measurements  using  a  front  surface  mirror  and  a 
fluorescent  screen.  The  diffuse  screen  demonstrated  a  linear 
response  to  current  while  the  fluorescent  screen  showed  an 
exponential  response.  The  OTR  produced  the  beam  incident  on 
the  diffuse  screen  and  accurately  reflected  the  shape  of  the 
electron  beam  while  the  secondary  electron  effects  of  the 
fluorescent  screen  distorted  the  image. 
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I .  INTRODUCTION 


A.  THEORY  OF  OPTICAL  TRANSITION  RADIATION 

Transition  radiation,  TR,  is  the  radiation  produced 
when  a  particle  moves  from  one  medium  to  another  with  a 
different  dielectric  property.  Transition  radiation  is 
electromagnetic  and  produces  photons  with  frequencies  which 
range  from  the  microwave  to  xray  portions  of  the 
electromagnetic  spectrum  (see  Figure  1) .  Optical  Transition 
Radiation,  OTR,  is  defined  as  that  radiation  produced  in 
the  visible  or  optical  region  of  the  spectrum.  Transition 
radiation  was  discovered  in  1946  after  the  discovery  of 
Cerenkov  radiation.  In  contrast  to  transition  radiation, 
Cerenkov  radiation  is  the  radiation  produced  by  a  charged 
particle  traveling  relativistically  through  a  medium  and  was 
discovered  in  1939  [Ref.  1]. 

Transition  radiation  can  be  explained  by  the  use  of 
Maxwell's  inhomogeneous  equations  and  the  concept  of  image 
charges  [Ref.  2].  As  the  charged  particle  moves  towards  a 
boundary  from  one  side,  there  is  an  'image'  charge  moving 
towards  the  interface  from  the  opposite  side  and  direction 
(see  Figure  2) .  When  the  charges  meet  at  the  boundary, 
radiation  fields  are  produced  which  satisfy  Maxwell's 
inhomogeneous  equations.  These  fields  are  known  as 
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RELATIVE  INTENSITY 
(PHOTONS/ STER  ADI  AN) 


SCHEMATIC  OTR  INTENSITY  PROFILE 


ANGLE  OF  6P  PEAK  INTENSITY 


6,  ANGLE  REFERENCED  TO  ANGLE 
OF  SPECULAR  REFLECTION  (mrad) 


Figure  1:  Schematic  of  the  Cone  Shaped  OTR  Intensity 
Profile.  The  angle  of  peak  intensity  is  proportional  to 
the  Lorentz  factor  [Ref.  1]. 


2 


transition  radiation.  Ginsburg  and  Frank  developed  rigorous 
mathematical  equations  to  describe  the  intensity  of  the 
radiation  per  frequency  interval  per  solid  angle  around  the 
particle's  line  of  motion  as  a  function  of  the  particle's 
velocity,  the  dielectric  constants  of  the  two  media  and  the 
angle  of  observation  [Ref.  1], 


dl(w,d ) 
dwdfi 


e2/d2  sin2  d 


k2c  1-/52cos2  d 


(1) 


Equation  1  gives  the  intensity  for  a  charged  particle 
traveling  from  a  perfect  vacuum  into  a  perfectly  conducting 
medium,  p  is  equal  to  the  particle's  velocity  divided  by 
the  speed  of  light  in  vacuum.  &  is  the  angle  of 
observation  (measured  from  the  normal  to  the  surface)  about 
which  the  solid  angle  is  measured.  Thus,  equation  1  clearly 
shows  the  strong  dependence  on  the  angle  of  observation  of 
the  cone  shaped  radiation  pattern. 

Transition  radiation  was  shown  by  Wartski  to  possess  a 
number  of  properties  which  make  it  useful  in  beam 
diagnostics  [Ref.  2].  The  principle  advantage  is  its  strong 
dependence  on  the  energy  of  the  particle  producing  it.  It 
is  also  polarized  with  the  electric  vector  lying  in  the 
plane  defined  by  the  normal  to  the  direction  of  observation. 
The  peak  intensity  of  the  radiation  occurs  at  the  angle 
corresponding  to  the  inverse  of  the  Lorentz  factor  (Equation 
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2) .  The  Lorentz  factor  is  equal  to  the  total  energy  divided 
by  the  rest  mass  energy  [Ref  3]. 
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When  transition  radiation  is  produced,  it  is  observed  in 
both  the  forward  and  backward  directions  of  the  interface. 
The  forward  transition  radiation  continues  in  the  same 
direction  as  the  particle  and  is  difficult  to  separate  from 
bremsstrahlung  radiation.  For  this  experiment,  the 
radiation  cone  also  needed  to  be  captured  without  exposing 
the  equipment  to  the  electron  beam.  By  turning  the 
interface  of  the  two  media  45  degrees,  backward  transition 
radiation  could  be  seen  90  degrees  from  the  electron  beam 
separating  it  from  bremsstralung  radiation  and  the  electron 
beam.  Figure  3  shows  the  transition  radiation  patterns  for 
both  cases  in  which  the  interface  is  seen  at  normal 
incidence  and  at  oblique  incidence  [Ref  2].  The  angle 
represents  the  45  degree  obligue  angle  measured  from  the 
electron  beamline  to  the  target. 
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Figure  2:  Model  of  particle  and  its  image  particle 
approaching  a  vacuum/metal  interface  thereby  acting  as  a 
collapsing  dipole  and  producing  transition  radiation 
[Ref .2] . 


OPTICAL  TRANSITION  RADIATION  PATTERNS 


a  )  NOR.VAL  INCIDENCE 
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Figure  3:  OTR  patterns  caused  by  an  electron  beam  striking 
a  target  at  both  normal  and  oblique  incidence.  Figure  (b) 
depicts  the  experimental  approach  used  in  this  experiment, 
is  the  angle  of  oblique  incidence  measured  from  the  electron 
beam  line  to  the  foil.  Note  that  the  backward  OTR  is 
observed  at  the  angle  of  specular  reflection. 
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B.  PURPOSE  FOR  THE  EXPERIMENTS 


This  thesis  addresses  two  separate  applications  of 
transition  radiation  as  a  beam  diagnostic  at  the  Naval 
Postgraduate  School  (NPS)  linear  accelerator  (linac)  : 
measurement  of  the  accelerator's  beam  emittance  and  the 
viability  of  a  diffuse  screen  as  a  beam  profile  monitor. 

The  application  of  transition  radiation  based  techniques  to 
determine  beam  emittance  requires  a  detailed  quantitative 
knowledge  of  the  effect  of  beam  divergence  on  the  shape  of 
the  radiation  patterns  and  on  the  polarization  of  the 
radiation;  and  whose  calculations  are  beyond  the  scope  of 
this  paper  [Ref.  3].  This  paper  presents  the  emittance 
measurement,  procedure  and  lessons  learned.  LT 
Hellstern's  future  thesis  will  be  to  use  the  analytical 
expressions  developed  and  tested  using  the  Wartski 
interferometer  method  to  determine  the  emittance  of  the  NPS 
linac  from  the  data  measured  in  this  work. 

A  novel  OTR  screen  consisting  of  a  surface  purposely 
made  diffuse  was  developed. The  diffuse  screen  proved  to  be 
an  excellent  beam  profile  monitor.  It  accurately  preserved 
the  shape  of  the  electron  beam  incident  on  the  vacuum/metal 
interface  to  a  viewing  angle  range  of  +/"  30  degrees  during 
the  second  of  two  experiments.  The  intensity  of  the 
transition  radiation  produced  by  electrons  was  also  found  to 
be  a  linear  function  of  the  current  measured  by  a  secondary 
emission  monitor  (SEM) .  The  diffuse  screen  is  an 
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inexpensive,  easily  constructed  device  which  captures  the 
actual  bee *  profile  and  shape.  For  the  purposes  of  this 
experiment,  the  diffuse  screen  was  evaluated  for  angular  and 
current  dependence.  It  was  compared  to  a  front  surface 
mirror  producing  convincing  evidence  of  its  efficacy  as  a 
profile  monitor  without  the  extreme  viewing  angle  constraint 
of  a  mirror  surface.  The  diffuse  screen  OTR  response  was 
also  seen  to  be  more  linear  with  the  current  than  with  the 
use  of  a  fluorescent  screen. 
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II.  EMITTANCE  MEASUREMENT 


Until  the  relatively  recent  work  done  by  Rule  and 
Fiorito  [Ref.  2],  beam  emittance  measurements  were  time 
intensive,  required  heavy,  non-portable  equipment  and 
cooling  systems,  and  required  beam  transport  models  to 
accommodate  measurements  at  multiple  locations  along  the 
beam  line.  Using  the  properties  of  transition  radiation, 
they  developed  a  means  of  determining  time-resolved  beam 
emittance  and  energy  measurements  even  for  a  single  beam 
pulse.  This  chapter  describes  the  application  of 
transition  radiation  as  a  means  of  measuring  the  beam 
emittance  of  the  NPS  linac  [Ref.  2]. 

Emittance  measurements  are  made  by  focusing  the  electron 
beam  to  achieve  a  beam  waist  at  the  position  of  the 
scattering  foils.  When  the  beam  waist  is  achieved,  the  root 
mean  square  (rms)  local  emittance  is  related  to  the  rms  beam 
divergence  and  the  rms  radius  according  to  equation  3  [Ref. 
4], 


♦  £  ~  @rmsrrms  ( 3 ) 

Accordingly,  this  experiment  consisted  of  establishing  the 
data  acquisition  capability,  optics  alignment,  and  control 
of  the  electron  beam  to  produce  x  and  y  waists  at  which  to 
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measure  the  emittance.  The  beam  divergence  was  measured  by 
observing  transition  radiation  and  exploring  its 
polarization  properties. 

The  data  acquisition  devices  used  for  the  beam  emittance 
measurement  were  the  Hamamatsu  Silicon  Intensified  Target 
Camera  (SITCAM)  and  a  Compaq  Portable  II  MS  DOS  computer. 

The  SITCAM  consists  of  a  highly  light  sensitive  camera  and  a 
control  unit  with  the  capability  to  perform  time  integration 
and  background  subtraction  of  the  signal.  It  also  has  the 
ability  to  make  horizontal  and  vertical  scans  of  the 
transition  radiation  interference  pattern.  A  Cohu  camera, 
model  number  4815-5000,  was  used  in  the  beam  monitor 
experiment.  The  Cohu  is  a  small,  compact,  solid  state  CCD 
camera  sensitive  to  low  intensity  light.  The  interference 
pattern  is  created  when  the  Wartski  interferometer  is  used 
as  the  target.  The  interferometer  consists  of  two  parallel 
foils.  In  this  experiment,  Kapton  was  used  as  the  first 
foil  and  produced  forward  transition  radiation  which 
coherently  interfered  with  backward  transition  radiation 
produced  by  the  second  foil,  a  front  surface  mirror.  The 
space  between  the  foils  was  vacuum.  The  phase  difference 
between  the  forward  (produced  by  the  first  foil)  and 
backward  (from  the  second  foil)  transition  radiation  is 
given  by  the  angle  <£>  which  is  equal  to  the  separation  of 
the  foils  along  the  electron  path  divided  by  the  length  of 
the  radiation  formation  zone  in  vacuum  (equation  4), 
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The  width  of  the  interferometer  was  chosen  to  correspond 
to  the  wavelength  of  the  OTR  selected  for  observation  and 
the  same  order  of  magnitude  as  the  length  of  the  radiation 
formation  zone  in  vacuum.  L,  the  interferometer  width, 
also  determines  the  number  of  fringes  in  the  interference 
pattern.  As  the  width  of  the  foil  spacing  approaches  the 
length  of  the  radiation  formation  zone,  the  interferometer 
produces  more  fringes  and  yields  higher  sensitivity  to  beam 
divergence  [Ref.  5]. 

The  optical  alignment  was  performed  by  first  determining 
the  preferred  path  of  the  electron  beam  and  causing  the 
laser  to  follow  the  electron  beam  path.  Convinced  of  their 
colinearity,  the  laser  was  used  to  align  the  optics.  The 
Newport  manufactured  optical  table  in  Figure  4  was  designed 
to  permit  alignment  of  optical  equipment  in  mounting  holes. 
The  cameras  for  both  the  emittance  measurement  and  the 
diffuse  screen  experiment  were  mounted  on  the  table.  The 
Cohu  camera  was  positioned  to  view  images  produced  at  the 
main  scattering  chamber  from  the  diffuse  screen  experiment. 
The  SITCAM  captured  the  OTR  images  produced  at  the  OTR 
chamber  located  downstream  from  the  main  chamber. 

The  alignment  of  the  SITCAM  was  done  using  a 
•  focus-at-inf inity '  apparatus.  The  apparatus  consisted  of  a 


standard  white  light  source  projecting  light  through  a 
neutral  density  filter  assembly  and  aperture  to  a  sector 
star  target.  The  sector  star  target  was  a  radial  array  of 
alternating  opaque  and  transparent  rays  similar  to  a  rising 
sun  and  is  shown  in  i igure  5.  The  sector  star  image  was 
focused  through  a  two  inch  diameter  lens  and  projected  onto 
the  face  of  the  SITCAM  lens.  The  focal  plane  was  the  plane 
at  which  the  sector  star  was  seen  while  the  lens  was 
focused  at  infinity  permitting  the  viewing  of  the  object  as 
parallel  light.  The  camera  was  then  focused  on  the  laser 
beam  corresponding  to  the  distance  between  the  camera  and 
the  interferometer  foil.  This  constituted  a  focus  at  the 
image  plane  as  depicted  in  Figure  6.  The  SITCAM  used  a  135 
mm  lens  and  the  Cohu  camera  used  a  200  mm  lens.  Both  lenses 
were  chosen  to  capture  the  full  OTR  pattern  within  the 
selected  bandwidth  and  to  maximize  the  intensity. 

Prior  to  performing  the  experiments,  the  different 
optical  devices  were  calibrated.  The  SITCAM  lens  was 
calibrated  with  respect  to  the  pixels  on  the  computer 
screen.  This  was  done  by  sweeping  the  left  and  right  limits 
of  the  lens  with  a  laser  beam  and  measuring  the  relationship 
between  the  pixel  position  and  the  change  in  angle.  This 
gave  a  horizontal  angular  calibration  for  the  lens  and  was 
repeated  along  the  vertical  axis  to  give  the  vertical 
angular  calibration.  The  camera  was  also  calibrated  to 
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Figure  4:  Equipment  Setup.  A  Newport  optical  table  is 
positioned  parallel  to  the  beamline.  The  SITCAM  is 
positioned  on  the  left  side  of  the  table  to  measure  the 
emittance  from  the  OTR  chamber.  The  Cohu  captures  diffuse 
screen  images  from  the  main  chamber  on  the  right.  Camera  1 
was  focused  on  the  target  ladder  and  camera  2  was  focused  on 
the  SEM. 
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Figure  5:  Sector  Star  Image.  The  image  of  the  sector  star 
as  seen  when  captured  by  the  SITCAM  when  the  lens  was 
focused  to  infinity.  For  a  fuller  description  of  its 
purpose  and  use,  see  Ref.  6. 
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OPTICAL  RAY  DIAGRAM  FOR  OTR  IMAGING 


Figure  6:  Optical  Ray  Diagram:  The  interference  pattern  is 
seen  at  the  focal  plane  and  the  beam  distribution  is  seen  at 
the  image  plane. 
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relate  the  pixels  in  the  x  and  y  directions  with  real  size 
of  the  captured  images.  This  was  done  by  observing  a  target 
grid  of  known  dimension  and  measuring  the  picture  image  on 
the  screen  in  terms  of  pixel  location.  The  same  procedure 
was  followed  for  the  Cohu  camera  using  a  marked  fluorescent 
target  in  the  ladder  of  the  main  scattering  chamber. 

Having  established  the  data  acquisition  devices,  aligning 
the  optics  and  controlling  the  electron  beam  was  done  with 
the  use  of  transition  radiation.  It  was  used  to  minimize 
fluctuations  resulting  in  the  most  stable  beam  possible. 

The  alignment  was  done  by  forcing  the  laser  beam  to  follow 
the  electron  beam's  path  through  a  two  point  iterative 
procedure  discussed  in  this  chapter.  The  laser  beam  was 
then  used  to  align  the  remainder  of  the  optics.  The 
accuracy  with  which  they  were  aligned  minimized  assymetries 
in  the  profile  scans  of  the  interference  pattern  captured  by 
the  camera.  In  the  course  of  the  experiment,  the 
resolution  of  one  problem  revealed  others  until  the  linac 
provided  a  high  quality  beam.  The  key  to  solving  these 
problems  was  the  use  of  transition  radiation  as  a  real  time 
monitor  of  the  electron  beam.  The  remainder  of  this 
chapter  is  a  chronology  of  the  experiment  and  the  lessons 
learned. 

A.  EXPERIMENTAL  SET-UP 

The  set-up  for  the  emittance  measurement  experiment 
consisted  of  assembling  the  optical  components  on  the 


15 


optical  table,  assembly  of  the  optical  transition  radiation 
chamber  and  interferometer,  and  installation  of  data 
acquisition  equipment  within  the  control  station.  This 
section  details  the  systematic  procedure  for  acquiring 
data. 

1.  The  Experimental  Table 

The  first  step  was  to  position  the  Newport  optical 
table  in  order  to  support  simultaneous  observation  of  the 
main  scattering  chamber  and  the  OTR  chamber.  The  table  was 
aligned  parallel  to  the  beam  line  in  order  to  take  advantage 
of  the  precision  mounting  holes  in  the  table.  Once  in 
position,  the  OTR  chamber  was  installed  allowing 
positioning  of  the  Hamamatsu  SITCAM  on  the  downstream  side 
of  the  table.  The  Cohu  camera  was  installed  on  the 
upstream  side  of  the  table  permitting  the  capture  of  OTR 
images  from  the  diffuse  screen  in  the  main  scattering 
chamber  (see  Figure  4) .  The  focus  at  infinity  assembly  was 
placed  in  the  center  of  the  table  next  to  the  angular 
calibration  set-up.  The  focus-at-infinity  device  consists 
of  a  rail  upon  which  an  aperture,  lens  and  sector  star  were 
assembled  in  front  of  a  light  source.  Together,  they 
projected  light  in  the  pattern  of  the  sector  star  which 
would  later  be  used  to  focus  the  camera  at  infinity  (see 
Figure  6) .  The  devices  used  to  calibrate  the  lens  consisted 
of  a  Newport  laser  positioned  to  the  right  of  the  light 
source,  a  mirror  on  a  rotation  station  and  a  mirror  in 
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front  of  the  SITCAM  at  a  45  degree  angle.  These  permitted 
the  lens  scan  necessary  to  calibrate  the  135  mm  Vivitar  lens 
being  used  on  the  SITCAM.  The  Vivitar  lens  was  able  to 
focus  at  both  the  focal  and  image  planes.  Just  prior  to 
the  start  of  the  experiment,  shutters  were  positioned  in 
front  of  each  camera.  Additionallly ,  a  polarizer  was 
positioned  in  front  of  the  SITCAM  to  be  used  to  capture  of 
horizontally  and  vertically  polarized  images. 

2.  The  Optical  Transition  Radiation  Chamber 

The  Optical  Transition  Radiation  (OTR)  chamber  was 
installed  on  a  lab  jack  strong  enough  to  support  the  weight 
of  the  chamber  and  along  the  beam  line.  A  target  grid  the 
size  of  the  mirror  pellicle  was  constructed  from  graph 
paper,  mounted  on  the  mirror  and  used  to  assist  in  finding 
the  location  of  the  electron  beam.  This  was  done  by  first 
mounting  a  laser  looking  into  the  main  scattering  chamber 
opposite  the  optical  table.  Using  a  mirror  in  the  main 
scattering  chamber  oriented  at  45  degrees  from  the  electron 
beam  direction,  the  laser  beam  entering  this  chamber  was 
reflected  down  to  the  OTR  chamber.  The  lab  jack  was  then 
adjusted  for  vertical  position  until  the  beam  was  in  the 
center  of  the  target  grid  (see  Figure  4) . 

Once  the  camera  was  aligned  with  respect  to  the  beam 
line,  the  Wartski  interferometer  was  prepared  for 
installation  in  the  OTR  chamber.  The  mirror  and  grid  were 
removed  from  the  chamber  and  graph  paper  discarded.  The 
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interferometer  was  constructed  of  a  thin  Kapton  film  of 
thickness  0.003  inches  and  a  silicon  polished  mirror 
finished  pellicle.  The  thickness  of  the  ring  and  Kapton 
together  constituted  the  interferometer  spacing  which  was 
.325  inches  or  8.25  mm.  Since  the  interferometer  was 
oriented  at  a  45  degree  angle  for  observation  of  backward 
OTR,  the  effective  foil  spacing  was  11.6  mm.  This  spacing, 
L,  is  the  distance  along  the  beam  path  between  the 
interferometer  foils.  The  distance  was  chosen  to  be  the  same 
order  of  magnitude  as  the  length  of  the  radiation  formation 
zone  in  vacuum.  This  distance  is  a  function  of  the  lorentz 
contraction  causing  the  spacing  to  be  given  by  equation  5 
where  L  is  the  separation  distance,  Lv  is  the  vacuum 
formation  zone,  and  i  is  the  Lorentz  factor. 


L  *  U:  ~  Y2^-  (5) 

The  interferometer  was  then  installed  into  the  OTR  chamber 
once  the  camera  was  aligned. 

3.  Tha  Control  station 

The  data  acquisition  devices  were  all  placed  in  the 
linac  control  station.  These  included  the  SITCAM  computer, 
plotter  and  the  Compaq  computer  used  to  store  images  and 
produce  profile  plots;  the  Macintosh  IIx  computer  using 
Image  1.29  and  Pixelpipeline  software;  data  recording 
Polaroid  cameras  and  video  recorder;  and  monitors  permitting 
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observation  of  the  secondary  emission  monitor  (SEM) ,  main 
scattering  chamber  ladder,  and  the  SITCAM.  Oriel  Encoder 
Mike  controllers,  model  18011,  were  also  used  to  remotely 
control  translation  of  the  camera  and  the  lens  calibration 
rotation  station.  Another  stepper  controller  was  used  to 
rotate  the  ladder  within  the  main  scattering  chamber.  A 
detailed  discussion  of  the  Image  and  Pixelpipeline  software 
can  be  found  in  Chapter  III  in  the  discussion  concerning  the 
diffuse  screen  experiment. 

4.  Aligning  the  Hamamatsu  Camera 

The  alignment  of  the  SITCAM  was  a  two  man  procedure 
begun  after  the  initial  set-up.  The  laser  beam  was 
confirmed  to  be  going  through  the  camera  lens.  This  was  an 
iterative  procedure  which  determined  the  position  of  the 
camera  and  lens.  Optical  posts  were  temporarily  positioned 
ac  the  camera  height  to  correspond  to  the  locations  of  the 
front  and  rear  of  the  Camera.  The  laser  beam  was  then 
adjusted  until  the  beam  reflecting  off  the  interferometer 
was  seen  touching  the  top  center  of  each  post.  The  camera 
was  then  installed  at  these  post  locations.  Another  target 
grid  made  of  graph  paper  was  placed  inside  a  filter  cap  and 
placed  on  the  camera  lens.  The  lens  and  grid  were  adjusted 
by  moving  the  camera  until  the  laser  was  on  the  center  of 
the  lens  target  grid.  This  procedure  established  the 
location  of  the  laser  beam  on  the  OTR  mirror  and  the  target 
grid  on  the  lens  filter  of  the  SITCAM. 
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Next,  the  focal  plane  location  was  established.  With 
all  other  lights  turned  off,  a  white  light  source  was  used 
to  focus  the  camera  lens  at  infinity  (see  Figure  7) . 
Utilizing  neutral  density  filters  to  assure  that  SITCAM 
would  not  be  saturated,  the  position  of  the  sector  star  was 
adjusted  so  that  the  star  was  focused.  This  was  done  by 
covering  the  bottom  half  of  the  star  (exposing  the  top  half 
only)  and  sliding  the  star  forward  and  backward  on  a  rail  to 
locate  the  optimum  focus  position.  Once  found,  the  star  was 
tightened  in  position.  One  mirror  was  placed  in  front  of 
the  infinity  assembly  at  45  degrees  and  another  in  front  of 
the  SITCAM  to  bring  the  star  image  into  the  camera  lens. 

The  lights  were  then  turned  off  in  the  end  station.  The 
camera  was  turned  on  and  adjustments  made  to  the  camera 
(moving  the  camera  forward  and  backward  on  the  rail)  with 
the  fine  adjustment  to  bring  the  star  into  focus.  This  was 
done  in  the  end  station  using  a  monitor  while  the  camera 
operator  observed  the  image  from  the  control  station  using 
another  monitor.  Since  both  were  observing  the  same  picture 
on  the  monitor,  the  camera  operator  was  able  to  confirm  the 
observation  within  the  end  station.  When  both  agreed  that 
the  sector  star  was  at  the  position  of  maximum  clarity  and 
focus,  the  camera  position  was  recorded  as  the  focus  at 
infinity  position.  The  camera  lens  was  then  translated  to 
the  image  plane.  To  establish  the  image  plane  focus,  the 
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Figure  7:  Focus-at-Inf inity  Assembly.  This  assembly  was 
used  to  establish  the  focal  plane  location  and  focus.  The 
white  light  projected  the  sector  star  image  into  the  camera 
lens  .  The  neutral  density  filters  prevented  camera 
saturation. 
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previously  aligned  laser  beam  was  used.  Once  the  laser  beam 
spot  was  clearly  focused,  the  camera  lens  position  was 
recorded  on  the  Oriel  encorder.  Together,  these  two 
procedures  aligned  the  camera  based  on  the  assumption  that 
the  laser  beam  accurately  followed  the  path  of  the  electron 
beam. 

5.  Angular  and  Distance  Calibration 

The  next  step  in  the  procedure  was  to  calibrate  the 
devices  using  the  computer  screen  locations  in  pixels 
corresponding  to  angle  and  distance.  These  included  the 
stepper  calibrations  for  all  translational  controllers,  the 
lens  calibration  and  the  target  grid  calibration.  Whenever 
possible,  the  calibrations  were  made  during  set-up. 

Calibrating  the  controllers  was  done  by  reading  the 
outputs  on  the  controller  corresponding  to  the  distance 
traveled  on  the  associated  vernier  scales  (measuring  the 
true  translated  distance) .  For  the  lens  calibration  this 
meant  initializing  the  controller  at  0.0  and  rotating  the 
mirror  so  that  the  laser  beam  moved  from  one  side  of  the 
lens  to  the  next  in  intervals  of  20  steps.  The  pixel 
position  on  the  computer  screen  was  recorded  at  each 
interval.  The  calibration  lens  scan  was  performed  once  in 
one  direction  and  once  in  the  reverse  direction.  Care  was 
taken  to  provide  for  the  effects  of  'back  lash'  in  the 
rotation  station  when  the  direction  was  reversed.  Both  lens 
scans  were  in  excellent  agreement.  The  results  were  then 
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plotted  on  graph  paper.  Fitting  a  straight  curve  gave  a 
slope  of  1.41  steps  per  pixel.  This  was  converted  to  an 
angular  relationship  of  0.152  milliradians  per  pixel. 

The  vertical  calibration  procedure  was  a  more 
involved  process  than  the  horizontal  and  produced  slightly 
different  results.  The  challenge  in  the  setup  was  to  limit 
the  movement  of  the  laser  beam  to  a  single  plane.  This  was 
done  by  first  positioning  a  laser  perpendicular  to  the  line 
formed  by  the  camera  and  lens  and  parallel  to  the  long  side 
of  the  table.  The  laser  was  confirmed  parallel  by  the  same 
iterative  procedure  used  to  align  the  laser  with  the  camera. 
A  mirror  was  positioned  to  reflect  the  laser  up  and  back 
toward  the  laser  to  the  mirror  on  the  rotation  station. 

The  rotating  station  was  positioned  between  the  laser  and 
the  first  reflecting  mirror  at  a  distance  equal  to  the 
distance  of  the  camera  lens  to  the  center  of  the  OTR 
chamber.  The  laser  was  used  to  verify  that  the  rotation 
station  was  properly  oriented  by  insuring  that  the  laser  was 
reflected  onto  the  posts  (previously  used  to  make  certain 
that  the  laser  was  parallel  to  the  table) .  Satisfied  of  the 
proper  orientation  of  the  rotation  station,  the  laser  was 
reflected  into  the  camera  lens  by  another  mirror.  The 
retro-reflection  off  each  mirror  was  a  time-consuming, 
iterative  procedure  beginning  with  the  laser  onto  the  first 
reflecting  mirror  and  finishing  with  the  camera  lens.  The 
calibration  was  carried  out  in  the  same  way  as  the 
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horizontal  calibration.  The  lens  was  scanned  from  top  to 
bottom  using  the  laser  beam.  It  was  done  twice  producing 
consistent  curves  with  a  slope  of  1.33  steps  per  pixel. 

This  converted  into  an  angular  relationship  of  0.144 
milliradians  per  pixel.  Comparing  the  horizontal  to  the 
vertical  calibration  gives  a  ratio  of  1.06  :  1.  Restated, 
the  angular  distance  traveled  along  the  horizontal  axis  (per 
pixel)  was  six  percent  greater  than  along  the  vertical  axis. 

The  next  calibration  performed  was  comparing  the 
number  of  pixels  per  millimeter  in  the  horizontal  and 
vertical  directions.  The  image  of  the  target  grid  made  of 
graph  paper  was  captured  using  the  SITCAM.  The  width  of 
each  square  on  the  paper  was  12.7mm.  The  change  in  pixels 
corresponding  to  ten  grid  squares  was  recorded.  The  average 
horizontal  calibration  was  7.37  pixels  per  millimeter.  The 
average  vertical  calibration  was  10.2  pixels  per  millimeter. 
The  magnification  of  the  SITCAM  as  shown  on  the  television 
monitor  was  accomplished  by  capturing  the  target  made  from 
graph  paper  with  the  SITCAM  and  photographing  the  image 
using  the  Polaroid  camera.  The  magnification  of  the 
Polaroid  image  was  calculated  to  be  1.92.  The  results  of 
the  horizontal  and  vertical  angular  and  magnification 
calibration  were  an  unexpected  result.  Initially,  it  was 
assumed  that  the  camera  response  was  identical  in  the 
horizontal  and  vertical  directions. 
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Figure  8:  Electron  and  Laser  Beam  Comparison.  The  top 
photograph  (a)  records  the  laser  beam  position  used  for 
aligning  the  optics  as  (198,  77)  using  the  SITCAM 
crosshairs.  The  bottom  (b)  photograph  shows  the  actual 
electron  beam  position  of  (122,  131). 
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B.  THE  EMITTANCE  MEASUREMENT  EXPERIMENT 
1.  Beam  Location  Verification 

Verification  of  the  laser  beam  focus  position  with 
the  electron  beam  was  the  first  step  taken  after  completing 
the  experimental  setup  (see  Figure  8) .  This  was  done  by 
turning  the  electron  beam  on  and  observing  the  OTR  pattern 
at  the  image  plane  and  subsequently  at  the  focal  plane. 
Looking  at  the  image  plane  revealed  that  the  electron  beam 
was  actually  higher  than  the  previously  thought  position  as 
shown  in  the  photograph  contained  in  Figure  8b  (which  was 
the  position  previous  work  had  indicated) .  End  station 
steering  was  used  to  place  the  electron  beam  where  the  cross 
hairs  corresponding  to  the  laser  beam  had  been  established. 
When  viewed  at  the  focal  plane,  it  was  clear  that  the  OTR 
radiation  pattern  was  displaced.  The  conclusion  was  that 
the  electron  beam  tended  toward  a  different  position  than 
previously  recorded  and  was  unstable  when  an  attempt  was 
made  to  steer  it  to  a  position  significantly  different  from 
that  path.  The  following  is  the  process  followed  to  correct 
the  problem.  The  first  step  taken  to  resolve  the  problem 
was  to  break  the  vacuum  and  determine  the  actual  location  of 
the  electron  beam  from  the  bum  spot  on  the  Kapton 
interferometer.  The  bumspot  was  located  at  a  position 
above  and  to  the  left  of  the  center  of  the  pellicle.  This 
also  suggested  that  the  laser  and  electron  beam  were 
probably  not  parallel  as  had  been  assumed  from  previous 
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work.  The  interferometer  was  reinserted  and  the  OTR  chamber 
restored  to  high  vacuum.  Attempts  to  focus  the  electron 
beam  did  not  help  and  the  decision  was  made  to  determine 
where  the  beam  tended  to  go  and  to  cause  the  laser  to  follow 
this  new  beam  path. 

All  steering  was  turned  off  and  two  points  were 
defined  as  references  to  locate  the  beam.  The  first  point 
was  the  fluorescent  screen  in  the  main  scattering  chamber. 
Only  the  vertical  steering  was  used  to  move  the  electron 
beam  to  the  center  of  the  first  point.  The  second  point  of 
reference  was  the  center  of  the  OTR  foil  (marked  by  the 
SITCAM  cross  hairs) .  Steering  to  the  OTR  foil  took  the  beam 
slightly  off  the  fluorescent  screen  and  required  steering 
back  on  the  first  point.  Thus,  after  a  few  iterations,  the 
beam  was  confirmed  through  the  first  point  and  a  new 
location  on  the  interferometer  foil.  This  constituted  a  new 
beam  path  to  be  used  for  the  experiment.  The  new  electron 
beam  location  on  the  foil  was  to  the  left  of  the  initial 
position  at  about  the  same  height.  Using  the  center  of  the 
foil  as  a  reference,  the  new  position  was  12.48  mm  to  the 
right  and  7.02  mm  above. 

The  laser  beam  was  then  forced  to  follow  this  new 
path  and  subsequently  used  to  realign  the  optics.  The  first 
step  in  adjusting  the  laser  was  to  raise  it  to  the  height 
necessary  to  send  the  laser  through  the  center  of  the 
fluorescent  screen.  Afterwards,  the  mirror  was  moved  into 
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Figure  9:  Colinear  Adjustment  of  Laser.  The  laser  was 
caused  to  follow  the  electron  beam  path  and  used  to  align 
the  optics.  After  raising  the  laser  height,  the  beam 
splitter  positioned  in  the  ladder  was  rotated  0.25  degrees 
to  bring  the  laser  on  line  with  the  electron  beam. 
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position  on  the  ladder  and  the  laser  was  reflected 
downstream  toward  the  OTR  chamber.  Having  marked  the  pixel 
location  for  position  of  the  electron  beam  using  the  SITCAM 
cross  hairs,  the  ladder  was  rotated  54  steps  resulting  in  a 
0.25  degree  rotation  bringing  the  laser  on  line  with  the 
electron  beam  (see  Figure  9) .  The  colinearity  of  the 
electron  beam  and  the  laser  was  recorded  using  a  polaroid 
photograph  of  a  monitor.  With  the  laser  height  readjusted, 
the  remainder  of  the  optics  were  realigned  using  the  laser. 

The  procedure  followed  to  locate  the  path  of  the 
electron  beam  and  causing  the  laser  to  follow  that  path  was 
clearly  the  best  approach  to  take  for  establishing  a 
reference  with  which  to  align  the  optics.  On  the  following 
morning,  the  electron  beam  was  found  to  be  going  through 
the  first  point  on  the  fluorescent  screen  (pinhole) .  The 
beam  was  found  to  be  going  to  nearly  the  same  point  on  the 
OTR  foil  as  the  day  before  (marked  by  the  SITCAM  cross 
hairs) .  It  was  also  clear  that  if  the  accelerator  optics 
magnets  were  left  on  at  the  end  of  a  run  until  the  next  use 
of  the  accelerator  that  the  beam  could  be  reproduced  very 
well.  (Overnight  the  beam  deflection  magnets  were  turned 
off. ) 

2.  Data  Acquisition 

After  rechecking  the  alignment  of  the  optics,  the 
accelerator  and  camera  were  ready  to  begin  capturing  data  to 
determine  beam  emittance.  To  begin,  the  camera  was  focused 
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Figure  10:  Beam  Distribution  and  Interference  Pattern. 
Figure  (a)  shows  a  fairly  circular  beam  distribution. 

Figure  (b)  shows  the  radiation  pattern  (  without  the  filter) 
in  was  flat  and  wide.  The  energy  slits  were  open  to  0.25%. 
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Figure  11:  OTR  Interference  Pattern.  The  pattern  is  seen 
off  center  from  where  the  crosshairs  were  recorded 
indicating  the  electron  beam  was  coming  in  at  an  angle. 

The  50  nm  bandpass  filter  was  positioned  between  the 
camera  and  lens  (quadrupoles  were  on) . 
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on  the  image  plane  to  capture  the  OTR  image.  The  image 
looked  normal  and  was  recorded  (see  Figure  10a) .  The  camera 
was  then  focused  at  infinity  to  observe  the  bullseye  without 
the  presence  of  the  bandpass  filter  (also  referred  to  as  an 
interference  filter) .  The  radiation  pattern  captured  in 
Figure  10b  was  flat  and  wide  due  to  electron  beam  energy 
spread.  When  the  interference  filter  was  placed  between  the 
camera  and  the  lens,  the  interference  pattern  was  seen 
clearly.  The  beam,  however,  was  entering  at  an  angle 
causing  the  interference  pattern  to  be  seen  off  center  (see 
Figure  11) .  The  beam  focusing  quadrupoles  were  then  turned 
off.  The  next  images  captured  were  horizontal  and  vertical 
scans  of  the  OTR  interference  pattern  shown  in  Figure  12. 

Studying  the  images  captured  to  this  point  suggested 
that  a  problem  existed  with  the  optics  or  the  electron  beam. 
After  considerable  thought,  it  appeared  that  the  effect  of 
the  interference  filter  had  not  been  considered.  The 
effective  optical  distance  for  the  light  given  the  presence 
of  the  interference  filter  was  recalculated.  This 
calculation  led  to  adjustments  in  the  position  of  the  SITCAM 
lens  for  the  focal  and  image  planes.  Confident  of  the 
correct  position  of  the  lens,  the  new  positions  on  the  Oriel 
encoder  were  recorded  and  the  data  collection  resumed. 

Measuring  beam  emittance  must  be  done  by  capturing 
the  OTR  interference  pattern  caused  by  the  electron  beam 
incident  on  the  interferometer  at  the  x  and  y  waists.  The 
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Figure  12:  OTR  Interference  patterns.  Figure  (a)  shows  tho 
horizontal  scan  of  the  interference  pattern  taken  with  the 
quadrupoles  off.  Figure  (b)  shows  the  vertical  scan.  The 
fringe  patterns  are  numerous  and  vivid. 
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Figure  13:  X  Waist  Images.  Figure  (a)  shows  the  beam 
distribution  for  the  x  waist.  Figure  (b)  shows  the  x  waist 
interference  pattern  was  displaced  in  the  x  direction  and 
still  seen  flat  and  wide.  The  energy  slits  were  still 
opened  to  0.25%.  A  filter  flare  appeared  for  the  first 
time. 
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first  images  captured  at  the  x  waist  are  shown  in  Figure  13. 
Figure  13a  captures  at  the  OTR  image  while  Figure  13b 
captures  the  radiation  pattern  at  the  focal  plane  with 
horizontal  polarization.  Two  new  problems  appeared  while 
focused  at  infinity.  The  image  was  displaced  in  the  x 
direction  suggesting  an  unstable  beam  and  a  flare  appeared. 
Not  certain  as  to  the  cause,  the  camera  lens  was  returned 
to  the  image  plane  focus  position  where  the  image  was 
clearly  stable.  The  image,  however,  was  in  a  different 
location.  The  computer  cross  hairs  were  used  to  mark  the 
new  location.  The  horizontal  polarization  was  removed,  beam 
focused  and  the  image  captured.  The  image  appeared  to  be 
stable.  This  implied  an  optics  problem.  The  first 
hypothesis  assumed  a  reflection  off  the  mirror  or  Kapton 
ring  was  going  back  upstream  and  reflected  back  again.  This 
would  suggest  that  the  alignment  of  the  beam  with  the  optics 
was  off  by  a  few  milliradians.  The  other  hypothesis  was 
that  there  was  a  trajectory  problem.  The  beam  might  have 
been  steering  itself  off  the  optical  axis  resulting  in  an 
angular  displacement  causing  the  interference  pattern  not  to 
be  in  the  center  of  the  picture. 

With  those  two  hypotheses  under  consideration, 
another  image  was  captured.  Since  the  interference  filter 
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was  also  suspect  in  the  above  mentioned  difficulty,  this 
image  was  taken  without  the  filter.  This  new  image  seemed 
to  supported  the  notion  that  the  accelerator  was  producing  a 
two  component  beam,  each  operating  on  its  own  unsynchronized 
pulse.  The  energy  slits  had  been  left  open  up  to  this 
point.  The  decision  was  made  to  minimize  the  effect  by 
closing  the  slits  down  to  an  energy  spread  of  0.125%  using 
the  1971  energy  slit  calibration  performed  on  the  linac 
[Ref.  7].  Reducing  the  energy  slit  width  removed  the 
flatness  from  the  image  as  seen  in  Figure  15. 

A  comparison  of  images  captured  while  focused  at  the 
image  and  focal  planes  was  next  made  with  respect  to  the 
cross  hairs.  The  interference  pattern  visible  when  focused 
at  infinity  was  to  the  left  of  the  cross  hair  location  (see 
Figure  14a) .  In  contrast,  the  OTR  image  captured  while 
focused  at  the  image  plane  (Figure  14b)  showed  that  the  beam 
was  to  the  right  of  the  cross  hairs  at  the  image  plane.  The 
solution  decided  upon  to  correct  the  problem  was  to  use  the 
end  station  steering  to  return  the  beam  spot  to  the  cross 
hairs  as  seen  at  the  image  plane.  Figure  15  captures  the 
location  of  the  electron  beam  after  end  station  steering. 

The  image  focused  at  the  image  plane  was  brought  on  line 
with  the  cross  hairs.  The  radiation  pattern  at  infinity  was 
still  offset  to  the  left  (though  less  than  before) .  The 
cause  is  uncertain.  However,  the  combination  of  reducing 
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Figure  14:  Effect  of  Closing  Energy  Slits.  The  energy 
slits  were  closed  to  0.125%  resulting  in  a  focused,  circular 
beam  distribution  and  circular  interference  patterns. 

The  interference  filter  was  removed  and  the  filter  flare 
disappeared.  Figure  (a)  shows  the  interference  pattern  to 
the  left  of  center.  Figure  (b)  shows  the  beam  distribution 
to  the  right  of  center. 
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Figure  15:  Effect  of  end  station  Steering.  The  end  station 
steering  was  used  to  bring  the  beam  distribution  back  to 
the  cross  hairs.  Figure  (a)  shows  that  steering  did  not 
affect  the  interference  pattern.  Figure  (b)  shows  that  the 
beam  distribution  was  centered. 
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Figure  16:  Filter  Flare  Movement.  The  slight  displacement 
of  the  interference  filter  dramatically  changed  the  location 
and  shape  of  the  filter  flare.  The  position  of  the  filter 
permitted  light  to  be  reflected  upstream  and  refocused  into 
the  lens.  Figure  (a)  shows  the  flare  before  displacement. 
Figure  (b)  shows  the  flare  after  displacement. 
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the  slit  width  and  end  station  steering  removed  the  effects 
of  the  unstable  electron  beam  in  the  x  direction. 

Having  returned  the  electron  beam  to  its  original 
position  using  end  station  steering,  the  interference 
filter  was  replaced  between  the  camera  and  the  lens.  The 
interference  filter  was  a  5950-6050  Angstrom  bandpass 
filter.  The  image  in  Figurel6a  revealed  yet  another  problem 
with  the  re-introduction  of  the  filter.  A  filter  flare  was 
clearly  visible  to  the  right  of  the  image.  It  was  initially 
thought  to  be  stray  light.  Measures  were  taken  to  cover 
potential  sources  of  stray  light  in  the  end  station  which 
did  not  alleviate  the  problem.  Another  image  was  captured 
and  found  to  be  markedly  inhomogeneous.  Again  the 
hypotheses  of  an  unstable,  two  component  beam  and  reflected 
upstream  light  were  evaluated.  But  the  cause  proved  to  be 
the  interference  filter.  This  was  done  by  positioning  the 
filter  at  a  slight  angle  on  the  camera  face.  When  the  next 
image  was  captured,  the  filter  flare  had  moved.  A  number 
of  explanations  were  studied.  The  most  plausible  seemed  to 
be  that  the  location  of  the  filter  between  the  camera  face 
and  the  lens  permitted  a  reflection  of  stray  light  off  the 
filter  back  to  the  interferometer  and  back  into  the  lens 
focused  at  the  image  plane  resulting  in  a  clearly  focused 
and  well  defined  flare  on  the  screen.  Thus,  as  the  filter 
was  displaced,  so  was  the  flare  resulting  from  the  reflected 
light.  The  solution  was  to  position  the  filter  in  front  of 
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the  camera  lens  eliminating  the  filter  flare.  Figure  16b 
shows  the  image  captured  after  repositioning  the 
interference  filter. 

As  had  been  the  case  above,  resolving  one  problem 
exposed  others.  In  this  instance,  the  addition  of  the 
polarizer  caused  difficulties.  The  polarizer  severely 
reduced  the  amount  of  light  which  actually  made  it  to  the 
lens  and  made  it  difficult  to  produce  a  good,  clear  image. 
The  50  nm  bandpass  filter  did  not  pass  photons  with  long 
enough  wavelengths  to  produce  the  light  intensity  necessary 
for  clear,  vivid  images.  A  6328  Angstrom  filter  was 
substituted  but  was  also  found  to  be  insufficient.  The 
solution  was  found  by  observing  short  wavelength  light  with 
a  Coming  428  nm  blue  green  100  nm  bandwidth  filter. 

Transition  radiation  also  served  to  help  maximize 
the  quality  of  the  linac's  electron  beam.  The  OTR  foil  was 
used  as  a  beam  monitor  to  help  diagnose  problems  and  find 
solutions,  when  possible.  An  example  was  the  shape  of  the 
electron  beam  at  higher  currents.  The  OTR  image  produced  at 
a  y-waist  was  captured  while  focused  at  the  image  plane. 

The  Figure  17  shows  that  the  electron  beam  has  tails  which 
become  increasingly  visible  as  currents  are  raised.  In 
order  to  measure  the  y-emittance ,  the  electron  beam  was 
focused  in  the  y  direction  at  the  camera  object  point  on  the 
OTR  foils.  The  x  direction  beam  would  ideally  be  unfocused. 
However,  this  had  an  effect  on  the  y  spread  of  the  beam. 
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Figure  17:  Beam  Distribution  using  Corning  428  Filter.  The 
use  of  the  Corning  428  nm  filter  permitted  the  passage  of 
enough  light  to  make  the  tails  of  the  electron  beam  visible 
at  higher  currents. 
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Figure  18:  Y  Waist  Images.  Figure  (a)  shows  the  y  waist  at 
the  image  plane.  Figure  (b)  shows  the  presence  of  the 
filter  caused  some  polarization  in  the  interference  pattern 
seen  at  the  focal  plane. 
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Figure  19:  Polarization  of  the  Y  Wa^st.  The  photographs 
show  vertical  scans  of  the  horizontal  polarization  in  Figure 
(a)  and  vertical  polarization  in  Figure  (b) . 


44 


Figure  20:  Satellite  Images:  Multiple  'satellite*  images 
were  visible  when  observing  the  x  waist  resulting  from 
reflections  off  the  OTR  window  and  the  OTR  mirror  of  the 
interferometer.  The  outer  images  were  blocked  using  black 
construction  paper. 
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The  narrowest  y  extent  was  obtained  by  slightly 
under- focusing  the  x  quadrupoles.  The  y-waist  was  captured 
while  focused  at  the  image  plane  and  is  shown  in  Figure  18. 
Figure  19  contains  vertical  scans  of  the  horizontal  and 
vertical  polarized  OTR  interference  patterns  of  the  y-waist. 

When  an  attempt  was  made  to  obtain  the  x  waist 
image,  multiple  images  of  the  beam  spot  were  the  result  of 
reflections  from  the  chamber  windows  and  the  OTR  mirror 
target.  These  are  flares  due  to  the  experimental 
arrangement  of  various  reflecting  surfaces  (see  Figure  20) . 
To  eliminate  these  flares,  pieces  of  black  construction 
paper  were  positioned  on  the  window  to  block  the  left  and 
right  images  leaving  the  primary  image  in  the  center.  An 
accelerator  frequency  dependent  vertical  displacement 
appeared  at  this  point  in  the  experiment.  Study  of  the  beam 
and  the  construction  of  the  accelerator  sections  suggests 
that  the  misalignment  of  the  three  linac  sections  resulted 
in  vertical  movement  in  the  beam  which  was  accelerator 
frequency  dependent.  Attempts  were  made  to  minimize  the 
effects  of  this  problem  with  limited  success. 

Figure  21  shows  the  image  and  focal  plane  OTR  images 
for  the  vertically  polarized  x-waist.  The  fringe  patterns 
are  also  shown  for  the  vertical  scans  of  both  images. 
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Figure  21:  X  Waist  OTR  Patterns.  Figure  (a)  shows  the 
beam  distribution.  Figure  (b)  shows  the  interference 
pattern.  Both  are  shown  with  vertcal  polarization. 
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Figures  22  and  23  show  the  horizontally  polarized  x-waist 
photographs  and  their  horizontal  and  vertical  scans.  The 
data  taken  as  Figures  18,  19,  21,  22  and  23  will  be  analyzed 
in  a  subsequent  student  thesis  to  determine  the  emittance  of 
the  NPS  linac. 

The  procedure  and  chronology  contained  in  this 
chapter  give  more  evidence  of  the  utility  of  transition 
radiation  as  a  beam  diagnostic  and  monitor.  OTR  was  used  to 
verify  correct  optical  alignment,  identify  erratic  beam 
behavior,  and  optimize  the  beam  to  make  excellent  emittance 
measurements.  The  photographs  contained  in  this  chapter 
demonstrate  the  clarity  with  which  OTR  can  be  seen  and 
measured  by  following  the  setup  procedure  contained  within. 


Figure  22:  X  Waist  OTR  Pattern.  The  interference  pattern 
is  shown  experiencing  horizontal  polarization. 
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Figure  23:  X  Waist  OTR  Patterns.  Figure  (a)  shows  the 
fringe  pattern  and  horizontal  scan  of  the  horizontally- 
polarized  image.  Figure  (b)  shows  the  fringe  pattern  end 
vertical  scan  of  the  same  image. 
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III.  THE  PROFILE  MONITOR  EXPERIMENT 


The  need  to  profile  the  electron  beam  of  an  accelerator 
is  critical  in  many  experiments.  The  purpose  of  this 
chapter  is  to  present  the  experimental  method  followed  in 
two  experiments  in  which  the  beam  profile  was  measured  as  a 
function  of  the  angle  of  orientation  of  a  diffuse  screen 
with  respect  to  the  electron  beam.  The  diffuse  screen  is  a 
foil  of  aluminum  which  was  sandblasted  to  cause  an  uneven 
surface.  Because  there  are  many  angles  of  specular 
reflection  for  this  screen,  OTR  can  be  observed  over  a  wider 
range  of  screen  orientations  than  would  be  possible  with  a 
mirror  surface  screen.  The  diffuse  screen  was  compared  to  a 
front  surface  mirror  and  fluorescent  screen  for  angle  and 
current  dependence.  Analysis  of  the  data  acquired  during  the 
experiments  suggests  that  the  diffuse  screen  is  an  excellent 
beam  profile  monitor  capitalizing  on  the  nature  of  optical 
transition  radiation.  The  principle  feature  is  its  relative 
constancy  in  maintaining  the  beam  shape  over  an  observation 
range  of  at  least  +/-  30.0  degrees  (see  Figure  32).  The 
actual  limits  of  the  angular  rotation  could  not  be  tested 
during  these  experiments  due  to  the  geometric  limitations  of 
the  diffuse  screen  in  the  ladder.  Based  on  the  excellent 
intensity  and  profile  shape  of  the  image  at  the  30.0  degree 
rotation,  there  is  every  reason  to  believe  that  the  actual 
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limits  may  be  extended  to  around  +/-40  degrees.  The 
diffuse  screen  was  also  shown  to  increase  the  range  over 
which  the  intensity  of  the  OTR  pattern  is  visible  when 
maintaining  a  constant  current  dependence.  The  diffuse 
screen  was  also  less  sensitive  to  electron  beam  fluctuations 
when  studying  both  angle  and  current.  Because  the  OTR  from 
a  mirror  is  concentrated  at  a  particular  angle,  it  is  easy 
to  saturate  the  OTR  image  from  a  mirror.  With  a  diffuse 
screen,  the  intensity  is  considerably  less.  When  the  angles 
were  increased,  the  current  had  to  be  increased  to  capture 
images.  The  diffuse  screen  also  is  easily  and  inexpensively 
constructed  and  employed.  Lastly,  the  diffuse  screen  does 
not  produce  secondary  electron  effects  from  the  incident 
electron  beam  causing  the  OTR  pattern  to  give  a  false 
representation  of  the  electron  beam  profile  (as  in  the  case 
of  the  fluorescent  screen) . 

The  following  sections  of  this  chapter  discuss  the 
experimental  procedure  and  lessons  learned  about  the  data 
acquisition  equipment  and  software.  The  first  section 
describes  the  experimental  setup  of  the  Cohu,  a  small, 
compact,  solid  state,  monochrome  CCD  camera  sensitive  to  low 
intensity  light  [Ref.  8].  The  alignment  and  calibration  of 
the  camera  was  done  using  the  target  ladder  housed  in  the 
main  scattering  chamber.  The  ladder  contained  the  beam 
splitter  to  split  the  laser  beam  for  alignment,  a 
fluorescent  screen  with  bullseye  for  calibration  and 
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measurements,  and  a  front  surface  mirror  and  diffuse  screen 
made  of  aluminum.  The  computer  software  section  follows  the 
setup.  This  section  discusses  the  two  principal  programs 
used  to  capture  and  analyze  data:  Pixelpipeline  and  Image 

I. 29,  respectively.  Pixelpipeline  is  a  commercially 
marketed  frame  grabber  board  and  software  designed  to  work 
with  the  National  Institute  of  Health  (NIH)  distributed 
software.  Image  1.29.  For  the  purposes  of  this  experiment, 
the  'integrate'  option  of  Pixelpipeline  was  used  to  enhance 
the  OTR  images.  The  background  noise  was  subtracted  using 
the  background  subtract  option  of  Image  1.29.  The  final 
section  discusses  the  actual  experiment  and  procedure. 

A.  THE  DIFFUSE  SCREEN  EXPERIMENTAL  SETUP 

The  set-up  of  the  Cohu  camera  was  much  less  complex  than 
for  Hamamatsu  SITCAM.  The  camera  was  leveled  and  positioned 

II. 25  inches  from  the  lens  cap  to  the  metal  rim  of  the 
chamber  window  (see  Figure  24) .  The  Canon  200  mm  lens  was 
focused  at  the  image  plane  during  the  set-up  and  included  a 
spacer  between  the  lens  and  the  camera.  The  lens  focus  was 
5.5  on  the  meter  scale.  A  beam  splitter  (on  the  target 
ladder)  was  positioned  allowing  the  laser  located  on  the 
opposite  side  of  the  scattering  chamber  to  pass  through. 

The  laser  beam  was  used  to  align  the  Cohu  camera.  The  laser 
was  retro-ref lected  off  a  mirror  attached  to  a  microscope 
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Figure  24:  Cohu  Camera  Position.  The  Cohu  camera  was 
aligned  using  the  alignment  laser  to  observe  OTR  from  the 
diffuse  screen,  mirror  and  fluorescent  targets  in  the  main 
scattering  chamber. 


slide  on  the  front  of  the  Cohu  lens.  That  completed  the 
alignment  of  the  Cohu.  The  diffuse  screen  was  inserted  into 
the  target  ladder  insuring  that  the  diffuse  surface  would 
face  the  electron  beam  when  the  ladder  was  oriented  at  45 
degrees  to  the  beam.  Care  was  also  taken  to  insure  the 
diffuse  surface  was  in  the  center  of  rotation  of  the  target 
ladder.  The  camera  and  shutter  were  controlled  remotely 
from  the  control  station.  The  computer  used  to  rotate  the 
ladder  was  calibrated  at  213.475  steps  per  degree.  The 
Pixelpipeline  computer  card  was  installed  into  the  Macintosh 
Ilx  computer  and  tested.  The  camera  was  calibrated  by 
capturing  the  image  of  the  fluorescent  screen  with  the  Cohu 
and  measuring  the  pixel  positions  on  the  computer  screen. 
These  were  compared  to  the  actual  distances  on  the  screen 
and  gave  the  following  results:  the  horizontal  and  vertical 
calibration  were  15.69  and  21.77  pixels  per  millimeter, 
respectively.  From  these  calibrations,  in  principle,  100 
micron  resolution  is  readily  obtainable  with  this  system. 

B.  COMPUTER  SOFTWARE 

The  analysis  of  the  data  collected  during  the  diffuse 
screen  experiment  was  done  using  the  most  recent  version  of 
the  NIH  distributed  Image  software  entitled  Image  1.29.  The 
data  analysis  should  have  been  simplified  by  the  use  of  the 
recently  acquired  Pixelpipeline  software  from  the  Pixeltools 
family  of  applications.  Pixelpipeline  provides  several  new 
options  for  collecting  data  in  real  time.  The  options  of 
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interest  to  this  experiment  were  'integrate'  and  'background 
subtract ' .  Integration  takes  what  otherwise  might  be  an 
unimpressive  image  and  produces  a  clear,  distinct  pattern 
distinguishing  the  signal  from  its  surroundings.  For  the 
purposes  of  observing  OTR,  this  means  the  accumulation  of 
light  intensity  over  time.  The  background  subtract  option 
provides  for  the  subtraction  of  the  backround  while 
capturing  an  image.  This  is  done  by  capturing  an  image  of 
the  background  during  'live  video'  and  placing  it  in  the 
secondary  buffer.  Once  placed  in  the  secondary  buffer,  it 
is  automatically  subtracted  from  future  incoming  images  when 
the  background  subtract  option  is  selected.  The  reason 
these  capabilities  were  not  used  was  due  to  the  way  in  which 
the  software  was  written.  The  software  does  not  permit  the 
combining  of  any  two  options  simultaneously.  This  can  be 
corrected  by  purchasing  another  applications  package  from 
the  manufacturer  that  provides  the  user  the  capability  to 
alter  the  software  to  perform  both  operations 
simultaneously.  Consequently,  the  decision  was  made  to  use 
the  integrate  option  to  capture  OTR  images  using 
Pixelpipeline  and  use  the  background  subtract  feature  of  the 
Image  1.29  software.  The  background  subtract  feature  is  not 
specifically  referred  to  as  such  in  the  Image  software 
instructions.  The  procedure  is  found  under  'Show  Paste 
Control'  of  the  Image  software  instructions  [Ref.  8].  The 
paste  control  window  is  presented  on  the  screen  when 
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selected  from  the  Options  menu.  It  is  there  that  subtraction 
of  the  background  image  from  the  image  containing  the  signal 
is  performed.  Due  the  Pixelpipeline  software  limitations, 
images  had  to  be  integrated  using  one  package  and  the 
background  subtract  was  done  using  another. 

After  determining  the  above  limitations  of 
Pixelpipeline,  subsequent  conversations  with  the  software 
designer  revealed  what  was  suspected  but  not  confirmed.  The 
Pixelpipeline  software  was  specifically  designed  to  work 
with  the  Image  Software.  Consequently,  no  analysis 
capabilities  were  written  into  the  program.  The  analysis  of 
images  using  Image  1.29,  however,  is  dependant  largely  on 
how  the  captured  images  are  saved.  The  Pixelpipeline  manual 
provides  several  options  under  which  to  save  images  ranging 
from  the  standard  TIFF  header  to  the  PICT  header.  But  it 
does  not  specify  the  ramifications  of  saving  under  one 
format  or  another.  Telephone  conversations  again  clarified 
that  the  integrated  option  creates  a  16  bit  image  while 
ordinary  live  video  options  create  eight  bit  images.  When 
saved,  however,  the  image  is  only  stored  as  an  eight  bit 
image.  To  specify  the  eight  usable  bits,  integrated  images 
must  be  saved  under  the  TIFF,  Simple  format. 
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Image  1.29 


Image  1.29  provides  for  both  qualitative  and 
quantitative  analysis  of  digitized  products.  The 
qualitative  options  used  in  this  experiment  included  the 
three  dimensional  plot  and  the  line  profile.  These  gave 
information  on  the  shape  of  the  OTR  pattern  produced  by  the 
electron  beam  on  the  mirror,  and  diffuse  and  fluorescent 
screens.  The  quantitative  tools  of  Image  1.29  used  in  this 
experiment  included  Integrated  Density,  Mean  Density  and 
Column  Average  Plot.  These  options  did  not  all  produce 
useful  information.  The  only  quantitative  tool  to  measure 
OTR  image  intensity  that  proved  to  be  consistent  was  Mean 
Density.  The  following  section  addresses  those  findings. 

Part  of  the  analysis  of  the  data  acquired  during  the 
diffuse  screen  experiment  required  knowing  the  intensity  of 
the  OTR  signal  created  by  the  electron  beam  on  the  various 
surfaces.  The  first  option  tried  was  the  Column  Plot 
Average.  When  the  rectangle  tool  is  used  and  an  area  is 
selected  for  analysis,  the  Column  Plot  Average  function 
causes  all  pixel  values  for  intensity  within  a  column  to  be 
averaged  producing  a  profile  plot.  The  curve  produced  can 
be  compared  with  other  images  qualitatively  for  shape 
assuming  that  the  areas  of  interest  (rectangles)  were  fixed 
and  covered  the  same  pixel  locations.  Quantitative 
comparisons  are  also  possible.  This  is  done  by  measuring 
the  area  under  the  curve.  The  procedure  for  measuring  the 
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area  was  found  in  the  software  instructions  under  Analyzing 
Electrophoric  Gels  [Ref.  8].  The  procedure  was  clear  but 
produced  highly  inconsistent  results.  There  were  two 
principal  problems  that  fall  under  the  category  of 
inconsistency.  The  first  was  that  the  area  was  calculated 
with  two  different  equations.  One  calculated  areas  on  the 
order  of  ten,  twenty  or  fifty.  The  other  calculated  numbers 
on  the  order  of  thousands.  These  calculations  failed  to 
follow  any  perceivable  set  of  operator  actions.  The  second 
problem  was  that  the  numbers  did  not  seem  to  correspond  to 
the  relative  sizes  of  areas  represented  under  the  curves. 
Figure  25  shows  two  examples  of  area  under  the  curve 
demonstrating  this  inconsistency.  At  unpredictable 
instances,  an  area  of  lesser  dimensions  sometimes  was 
assigned  a  larger  value  than  areas  of  much  larger 
dimensions.  After  a  series  of  measurements,  the  problem  was 
found  to  lie  in  the  code  that  calculates  the  area  and  not 
that  which  calculates  the  curve.  The  curve  dimensions 
seemed  to  correspond  closely  with  the  easily  discernible 
image  intensities  on  the  computer  screen.  But  the 
calculated  areas  did  not.  Consequently,  the  Column  Plot 
Average  was  useful  only  in  comparing  the  relative  shapes  and 
sizes  of  the  curves  representing  pixel  intensities  when 
averaged  within  a  column. 
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The  next  option  available  was  the  Integrated  Density 
function  described  on  page  24  of  the  software  instructions. 
Specifying  Measure  under  the  Analyze  menu  causes  items 
specified  in  the  Options  box  to  be  measured.  This  was 
immeasurably  more  simple  and  faster  than  the  Column  Plot 
Average  approach  to  measuring  the  area  under  the  curve. 
However,  this  also  produced  unaccept ible  inconsistencies. 
Data  analyzed  using  this  function  produced  results  that 
deviated  too  far  from  what  was  expected  indicating  a 
discrepancy  in  the  computer  code  used  to  calculate  the 
integrated  density.  Several  attempts  were  made  to  vary  the 
size  of  me  area  of  interest.  But  that  did  not  solve  the 
problem.  Previous  work  included  the  subtraction  of 
equivalent  sized  areas  of  interest  as  background  from  the 
signal  which  reduced  the  scatter  somewhat  to  around  10%. 

The  problem  with  that  method  seems  to  be  the  wide  variance 
of  background  noise  from  one  part  of  the  screen  to  another. 
Thus,  the  likelihood  of  subtracting  the  actual  background 
noise  from  the  image  is  fairly  remote.  The  next  step  taken 
to  address  this  problem  was  to  take  the  equation  discussed 
in  the  manual  and  compute  the  integrated  density  manually. 
The  results  are  shown  on  the  graph  in  Figure  26.  While  the 
computer  calculation  seems  to  follow  the  manual 
computations,  there  are  points  which  differ  significantly 
indicating  that  an  error  is  sometimes  introduced  into  the 
calculation  by  the  computer.  The  last  measure  taken  was  to 
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cause  another  camera  to  capture  images  corresponding  to 
different  focus  positions  on  the  camera  lens.  The  intensity 
of  the  image  captured  by  the  camera  should  be  proportional 
to  the  inverse  square  of  the  f-stop.  When  integrated 
density  measurements  of  these  images  were  made,  the  same 
scatter  was  produced  as  shown  in  the  graph  contained  in 
Figure  27.  However,  when  only  the  mean  density  was 
measured,  the  results  conformed  to  that  expected  from  the 
relation  of  the  lens  opening  to  intensity  (see  Figure  28). 
Based  on  this  finding,  it  appears  that  the  problem  in  the 
integrated  density  calculation  arises  from  the  subtraction 
of  the  modal  density  from  the  mean  density.  The  modal 
density  is  defined  as  the  most  frequently  occurring  pixel 
intensity  within  the  area  of  interest  after  smoothing.  It 
is  a  function,  to  some  degree,  of  the  size  of  the  signal 
relative  to  the  size  of  the  area  of  interest.  Nevertheless, 
a  sound  means  of  comparing  the  intensities  of  images  was 
available  in  the  mean  density  measurement. 
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Figure  25:  Column  Plot  Average  Comparison.  The  column 
plot  average  did  not  provide  reasonable  solutions  when 
used  as  a  quantitative  measure  of  beam  intensity. 
Measuring  the  area  under  the  curve  resulted  in  smaller 
areas  being  assigned  higher  values  than  greater  areas. 
Figure  (a)  shows  a  curve  whose  area  was  computed  to  be 
larger  than  the  curve  in  Figure  (b) . 
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Figure  26:  Integrated  Density  Study.  The  equation  listed 
in  the  software  manual  to  compute  integrated  density 
was  used  to  manually  calculate  the  integrated  density. 

The  results  were  compared  and  plotted  against  the 
computer  calculation.  The  results  show  that  the  computer 
is  not  doing  what  it  claims  with  significant  deviation. 
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Figure  27:  F-Stop  Test.  The  camera  was  positioned  to 
capture  light  images  in  a  room  of  constant  illumination. 
The  camera  lens  aperture  was  positioned  at  each  aperture 
opening  (f  stop).  The  image  was  captured  and  analyzed 
using  the  integrated  density  function.  The  image 
intensity  should  be  proportional  to  the  inverse  square  of 
the  f  stop.  The  results  plotted  above  do  not  conform  to 
this  relation. 
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Figure  28:  F-Stop  Test.  The  same  data  in  Figure  27  was 
analyzed  using  the  mean  density  function.  The  results 
were  in  excellent  agreement  with  the  inverse  square 
relationship  of  intensity  with  the  aperture  opening 
(f  stop) . 


64 


C.  DIFFUSE  SCREEN  EXPERIMENTAL  PROCEDURE 

The  Beam  Monitor  experiment  consisted  of  two  smaller 
experiments.  The  first  experiment  compared  the  image 
intensity  as  a  function  of  angle  between  a  front  surface 
mirror  and  the  diffuse  screen;  the  second  compared  the 
intensity  of  the  beam  profile  or  signal  as  a  function  of 
current  between  the  diffuse  screen  and  the  fluorescent 
screen. 

The  experiment  was  begun  by  studying  the  effect  of  the 
angle  on  the  image  intensity.  The  front  surface  mirror  was 
the  first  to  be  studied.  The  ladder  was  oriented  at  45 
degrees  from  the  electron  beam  permitting  the  observation 
of  backward  OTR  reflected  90  degrees  from  the  electron  beam 
and  the  bremstrahlung  radiation  which  continues  forward  with 
the  electron  beam.  The  45  degree  position  was  called  the 
zero  position  for  the  purposes  of  this  experiment.  While 
oriented  at  zero,  the  first  image  was  captured.  The 
secondary  emission  monitor  (SEM)  current  was  4.5  nanoamperes 
and  held  constant  throughout  measurements  on  the  mirror. 

The  SEM  was  calibrated  during  previous  experiments  and  found 
to  be  12  %  efficient.  The  energy  of  the  linac  was  recorded 
as  95  MeV  throughout  all  measurements.  The  ladder  was 
rotated  to  the  left  213  steps  or  one  degree.  The  image 
became  barely  visible  at  the  -1.0  degree  position.  The  next 
reading  was  taken  after  rotating  the  ladder  back  in  the 
positive  direction  .5  degrees  resulting  in  a  absolute 
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position  of  -0.5  degrees  (with  counter  clockwise  being 
negative  and  clockwise  being  positive) .  The  intensity 
improve  significantly  at  this  position.  Another  reading  was 
taken  at  the  zero  degree  position  followed  by  one  at  0.5 
degrees  to  the  right  of  zero.  The  image  appeared  similar  to 
the  one  at  -0.5  degrees.  The  next  image  captured  was  at  1.0 
degrees.  Again  the  intensity  of  the  image  dropped  off 
dramatically.  These  measurements  indicated  that  OTR  from  a 
mirror  surface  was  observable  from  an  angular  range  of  less 
than  1.0  degree. 

The  same  procedure  was  followed  with  the  diffuse  screen. 
Again  the  zero  position  was  the  ladder  at  45  degrees  from 
the  electron  beam.  The  beam  could  not  be  seen  at  an  SEM 
current  of  4.5  nanoamperes  and  was  raised  until  the  image 
was  clear.  The  SEM  recorded  current  was  held  steady  at  an 
SEM  current  of  20.0  nanoamperes.  (This  corresponds  to  170 
nanoamperes  true  current.)  The  first  image  captured  was  at 
the  zero  degree  position  followed  by  a  large  sweep  to  the 
right  at  10  degrees.  That  reading  was  followed  by  a  sweep 
in  the  opposite  direction  to  the  5  degree  position  and  again 
to  the  zero  degree  position.  The  direction  of  movement 
continued  in  the  negative  direction  taking  the  ladder  to  -5 
degrees  and  -10  degrees.  At  this  position,  the  image  was 
clearly  weaker  and  an  attempt  was  made  to  capture  the  beam 
profile  at  increments  of  2.5  degrees  starting  at  the  -7.5 
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degree  position.  This  was  followed  by  images  at  the  -2.5, 
2.5,  7.5,  12.5  and  17.5  degree  positions. 

The  next  part  of  the  experiment  took  relatively  little 
time  but  produced  interesting  results.  The  comparison  of 
the  signal  versus  the  current  began  with  the  diffuse  screen 
at  zero  degrees.  The  SEM  current  was  started  at  5.0 
nanoamperes  and  increased  to  19.6  nanoamperes  over  five 
images.  (True  average  current  ranged  between  42  and  170 
nanoamperes.)  This  was  followed  with  a  similar  comparison 
using  the  fluorescent  screen.  The  beginning  SEM  current  was 
2.0  nanoamperes.  A  total  of  seven  images  were  recorded 
ending  with  an  SEM  current  of  4.05  nanoamperes.  That 
concluded  the  data  acquisition  for  this  experiment. 

For  the  second  experiment,  the  end  station  was 
reconfigured  to  repeat  the  previous  set  of  tests  but  with 
the  emphasis  on  the  shape  of  the  profile  as  a  function  of 
the  angle  of  the  diffuse  screen  compared  to  the  mirror  and 
the  florescent  screen.  The  diffuse  screen  position  was 
changed  to  60726  on  the  ladder  within  the  main  scattering 
chamber.  Several  images  were  taken  to  verify  the 
performance  of  the  linac  as  well  as  the  Pixelpipeline 
program  using  the  Cohu  camera.  When  the  ladder  was  oriented 
at  the  zero  degree  position  (45  degrees  from  the  electron 
beam  path) ,  the  OTR  image  from  the  front  surface  mirror  was 
circular.  As  the  ladder  was  rotated  positively,  the  image 
grew  narrow  in  the  x  direction  and  was  elongated  in  the  y 
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direction.  The  steering  of  the  beam  through  the  quadrupoles 
was  recorded  and  the  slits  were  closed  to  200.  The 
objective  of  this  experiment  was  to  capture  images  on  the 
mirror,  diffuse  and  fluorescent  screens  as  a  function  of 
the  angle.  The  procedure  was  fairly  simple.  The  ladder  was 
rotated  and  images  captured  for  each  screen  by  changing  the 
ladder  position  prior  to  the  next  rotation.  The  images  were 
integrated  and  captured  using  the  Pixelpipeline  software. 

The  average  time  for  integration  was  30  seconds. 
Additionally,  background  images  were  captured  corresponding 
to  integration  times  and  subtracted  during  the  analysis 
phase  of  the  experiment. 

After  capturing  background  images  with  the  shutter 
closed  in  front  of  the  camera,  data  was  collected  beginning 
at  the  zero  degree  ladder  position.  The  SEM  current  was 
read  at  3.00  nanoamperes  and  the  energy  was  90.56  MeV.  The 
initial  rotation  was  in  the  positive  direction.  Images  were 
captured  at  increments  of  0.5  degrees  until  the  mirror  no 
longer  produced  a  signal  large  enough  to  analyze.  This 
occured  at  the  4.0  degree  position.  The  next  image  was 
captured  at  five  degrees.  The  angular  increments  were  then 
increased  to  five  degrees.  This  continued  until  the  ladder 
was  in  the  35  degree  position.  At  this  position,  the  image 
changed  drastically  and  was  seen  moving  across  the  screen 
quickly  with  the  rotation  of  the  ladder  to  that  point.  The 
final  (once  the  ladder  had  stopped  rotating)  image  that  was 
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visible  on  the  screen  was  a  well  defined,  focused  circle 
indicating  that  the  electron  beam  was  now  hitting  the  side 
of  the  ladder  and  not  the  diffuse  screen.  Realizing  this, 
the  ladder  was  rotated  by  increments  of  five,  ten,  45  and 
eventually  225  degrees  until  the  image  was  clearly  seen  on 
the  diffuse  screen  again.  The  image  was  beginning  to  appear 
at  the  345  degree  position  images  captured  at  350  degrees 
(-10  degrees  from  the  zero  position) .  The  image,  however, 
was  still  somewhat  close  to  the  noise  level.  The  mirror 
surface  did  not  produce  a  discernible  image  at  all.  After 
several  images  were  captured  on  the  diffuse  screen  without 
corresponding  success  on  the  mirror,  the  decision  was  made 
to  restrict  the  search  to  the  point  at  which  the  mirror 
produced  a  clearly  visible  OTR  pattern  on  the  mirror.  At 
about  the  -3  degree  position,  the  trace  of  OTR  was 
beginning  to  appear.  Subsequent  images  were  captured 
reflecting  more  intense  traces  of  OTR,  but  nowhere  near  the 
intensity  level  expected  at  these  angles.  Two  possible 
explanations  were  considered.  The  first  was  that  the  linac 
was  not  producing  an  electron  beam  of  sufficient  current? 
and  the  second  was  that  the  controller  had  accumulated 
enough  error  in  the  rotation  of  the  ladder  so  as  to  produce 
a  false  reading  as  to  the  actual  orientation  of  the  screens. 
After  rotating  through  360  degrees  and  beyond,  the 
experiment  was  stopped.  The  end  station  was  checked  to  see 
if  the  ladder  was  where  the  controller  had  indicated  it 
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should  be.  This  was  done  using  the  alignment  laser  used 
during  the  experimental  set-up  positioned  on  the  opposite 
side  of  the  scattering  chamber  from  the  Cohu.  The  laser 
indicated  that  the  controller  was  not  the  source  of  the 
error  and  that  the  ladder  was  rotated  well  beyond  the  zero 
degree  position.  Having  already  produced  excellent  results 
at  the  beginning  of  the  experiment  within  that  range  of 
angles,  the  linac  had  to  be  the  source  of  the  problem. 
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ZV.  PROFILE  MONITOR  DATA  AND  RESULTS 


Analysis  of  the  data  acquired  during  the  experiments 
suggests  that  the  diffuse  screen  is  an  excellent  beam 
profile  capitalizing  on  the  nature  of  optical  transition 
radiation.  The  principle  feature  is  its  relative  constancy 
in  maintaining  the  beam  shape  to  at  least  +/-  30.0  degrees. 
The  actual  limits  of  the  angular  rotation  could  not  be 
tested  during  these  experiments  due  to  the  placement  of  the 
diffuse  screen  in  the  ladder.  Based  on  the  excellent 
intensity  and  profile  shape  of  the  image  at  the  30.0  degree 
rotation,  there  is  every  reason  to  believe  that  the  actual 
limits  are  still  greater  out  to  around  +/-40  degrees. 

The  diffuse  screen  was  also  shown  to  increase  the  range  over 
which  the  intensity  of  the  OTR  pattern  is  visible  when 
maintaining  a  constant  current.  The  diffuse  screen  was 
also  less  sensitive  to  fluctuations  in  the  electron  beam's 
performance.  The  mirror's  tendency  to  saturate  at  higher 
currents  at  small  angles  required  the  decrease  in  current  to 
obtain  clear  images.  When  the  angles  were  increased,  the 
current  had  to  be  significantly  increased  to  capture  images. 
The  diffuse  screen  is  also  easily  and  inexpensively 
constructed  and  employed.  Lastly,  the  diffuse  screen  does 
not  produce  secondary  effects  from  the  incident  electron 
beam  causing  the  OTR  pattern  to  give  a  false  representation 
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of  the  electron  beam  profile  (as  in  the  case  of  the 
fluorescent  screen) . 

A.  ANGULAR  DEPENDENCE 

The  principal  investigation  of  this  experiment  was  the 
angular  dependence  of  the  OTR  signal  strength.  The  diffuse 
screen  increased  the  range  of  observation  to  27.5  degrees 
(Figure  30)  during  the  first  experiment;  and  it  increased  to 
+/”  30  degrees  (Figure  31)  during  the  second  using  the 
integrate  option  of  the  Pixelpipeline  software  discussed  in 
Chapter  III.  Previous  OTR  work  stressed  the  change  in  shape 
of  the  OTR  pattern  as  the  ladder  was  rotated  on  the  mirror. 
This  limited  the  usefulness  of  the  front  surface  mirror  and 
similar  materials  for  profiling  the  beam.  If  the  diffuse 
surface  of  the  aluminum  screen  increased  the  range  over 
which  the  beam  spot  changed  shape,  it  would  be  an 
inexpensive  and  simple  means  of  profiling  the  beam  during 
radiation  experiments. 

During  preliminary  analysis  of  the  angular  dependence  of 
the  mirror  and  the  diffuse  screen,  it  was  clear  that  the 
diffuse  screen  increased  the  interval  over  which  the  ladder 
could  be  rotated  while  still  maintaining  the  ability  to 
profile  the  beam.  The  analysis  was  made  by  finding  the  peak 
intensity  pixel  location  while  oriented  at  the  zero  degree 
position.  That  was  then  selected  as  the  vertical  pixel 
height  height  of  the  scan.  The  scan  was  made  from  the  same 
pixel  location  covering  the  same  width  for  every 
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comparison.  The  profile  plot  option  calculates  the  mean 
intensity  for  all  pixels  crossed  during  a  horizontal  scan. 
The  mean  intensity  value  was  used  as  a  crude  but  useful 
means  of  comparison.  The  result  was  that  the  mean  intensity 
dropped  within  the  range  of  -1.0  and  +1.5  degrees  on  the 
front  surface  mirror.  In  contrast,  the  diffuse  screen 
produced  significant  average  intensities  from  -10  degrees  to 
17.5  degrees  (see  Figure  29).  Though  the  last  angle 
measured  was  17.5  degrees,  there  was  every  indication  that 
the  range  would  continue  beyond  the  17.5  degree  mark  as  the 
OTR  image  seemed  clearer.  These  results  came  from  the  first 
experiment  and  raised  an  important  question  concerning 
methodology.  The  issue  was  whether  the  practice  of  changing 
directions  to  rotate  the  ladder  introduced  errors  large 
enough  to  obscure  the  true  angular  readings.  This  was  later 
addressed  in  the  second  experiment. 

Recognizing  that  the  best,  most  reliable  tool  in  the 
Image  1.29  arsenal  was  the  mean  density  function,  the 
comparison  was  formally  made  comparing  the  mirror  against 
the  diffuse  screen.  The  procedure  taken  was  to  first  find 
the  modal  value  of  the  images  and  subtract  that  value  from 
all  images  corresponding  to  the  vacuum/screen  interface. 

The  modal  values  proved  to  be  the  same  for  all  images 
corresponding  to  surface  type  since  the  currents  were  held 
constant  (within  surface  type) .  The  graph  in  Figure  30 
shows  that  the  mean  density  dropped  from  as  high  as  18.78 
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to  nearly  zero  (3.43  at  -1.0  degrees)  within  the  -1.0  to 
+1.5  range  on  the  front  surface  mirror.  In  contrast,  the 
diffuse  mirror  greatly  extended  the  range  of  observation  to 
at  least  27.5  degrees  from  the  2.5  degree  range  for  the 
mirror  (see  Figure  26) . 

The  mean  density  function,  when  applied  to  data 
collected  using  the  'integrate'  capability  of  Pixelpipeline 
increased  the  range  of  angles  for  both  the  mirror  and  the 
diffuse  screen.  Figures  31  and  32  show  the  positive  and 
negative  rotations.  The  positive  rotation  (Figure  31)  shows 
that  OTR  intensity  persists  to  at  least  30  degrees  for  the 
diffuse  screen  while  only  to  4.0  degrees  for  the  mirror. 

The  negative  rotation  (though  accuracy  was  limited  by  linac 
performance)  supports  the  general  trend  established  by  the 
positive  rotation.  This  suggests  that  the  range  of  the 
angles  of  observation  are  as  large  on  one  side  as  on  the 
other. 
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Figure  29:  Signal  Intensity  versus  Angle.  The  mean 
intensity  of  images  captured  on  the  front  surface  mirror 
are  shown  compared  to  those  from  the  diffuse  screen. 

The  diffuse  screen  has  a  much  wider  range  of  angles 
over  which  the  signal  is  detectable.  Currents  are  held 
constant.  Note  that  the  mirror  produces  observable  signals 
over  an  angular  range  of  about  1.0  degree. 
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Figure  30:  Angular  Dependence.  The  mean  density  is 
plotted  against  angle  showing  that  the  diffuse  screen 
preserves  the  OTR  image  well  beyond  the  front  surface 
mirror. 
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Data  from  "MEAN  DENSITY  VS  ANGLE" 


Figure  31:  Mean  Density  vs  Angle.  The  positive  rotation  is 
shown  in  this  graph  for  the  second  experiment  using  the 
integrate  option.  The  steep  line  is  fit  to  the  mirror 
values  and  the  other  line  is  fit  to  the  diffuse  screen 
values  for  mean  density.  The  OTR  from  the  diffuse  screen  is 
observable  to  30.0  degrees. 
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Figure  32:  Mean  Density  vs  Angle.  The  negative  rotation 
is  shown  for  the  second  experiment  using  the  integrate 
option.  The  signal  was  limited  by  equipment  problems. 

In  spite  of  the  equipment  problems,  there  is  a  definite 
range  extension  with  the  diffuse  screen  over  the  mirror. 


B.  CURRENT  DEPENDENCE 


This  part  of  the  experiment  was  designed  to  study  the 
effects  of  current  changes  on  the  fluorescent  screen  and 
compare  it  to  the  performance  of  the  diffuse  screen.  The 
electron  beam  incident  on  a  fluorescent  screen  causing  the 
atoms  to  spread  outward  radially  from  the  beam  center  causes 
additional  light  production  beyond  the  actual  shape  of  the 
electron  beam.  Consequently,  a  corresponding  increase  of 
intensity  was  expected  over  the  diffuse  screen  and  mirror. 
Additionally,  whether  the  shape  of  the  curve  is  exponential 
or  linear  was  of  interest  in  studying  the  character  of  the 
fluorescent  screen. 

The  images  were  again  analyzed  using  the  mean  density 
function.  The  results  showed  the  rise  in  intensity  from  an 
SEM  current  of  0.9  nanoamperes  to  an  SEM  current  of  4.05 
nanoamperes  after  which  the  image  saturated.  The  impact  of 
the  size  of  the  area  of  interest  was  investigated  during  the 
analysis.  The  first  mean  density  measurement  was  made  with 
an  area  50  x  38  pixels.  The  results  are  plotted  in  Figure 
34.  The  last  two  images  were  saturated  at  the  higher 
currents  and  discarded.  Nevertheless,  the  graph  in  Figure 
33  clearly  depicts  an  exponential  growth  in  intensity  with 
the  current  for  the  fluorescent  screen.  The  diffuse  screen 
data  were  analyzed  in  the  same  way  as  the  fluorescent 
screen.  A  linear  curve  easily  fit  the  data  points  from  the 
mean  density  values  (see  Figure  34) . 
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CURRENT 


Figure  33:  Current  Dependence  of  Florescent  Screen. 
The  florescent  screen  mean  density  is  measured 
against  the  current.  As  the  current  increases,  the 
density  increases  exponentially. 


Figure  34:  Current  Dependence  of  Diffuse  Screen.  The 
mean  density  is  measured  as  the  current  increases.  A 
simple  curve  fit  revealed  a  linear  relationship.  Further 
measurements  should  be  made  to  verify  linear 
relationship  at  higher  currents. 


81 


Profile  Shape 

The  questions  raised  during  the  first  experiment  were 
investigated  during  the  second  experiment.  The  focus  was  on 
the  shape  of  the  beams  OTR  pattern  to  study  the  extent  to 
which  the  diffuse  screen  preserved  the  electron  beam's 
profile  using  the  OTR  pattern  as  a  diagnostic.  As  mentioned 
during  the  procedure  section,  the  variable  of  interest  was 
the  angular  dependence.  Current  was  adjusted  when 
appropriate  to  produce  a  visible  OTR  image.  The  effect  of 
backlash  was  controlled  by  rotating  in  one  direction  only. 
Comparisons  between  the  OTR  image  produced  by  the  mirror  and 
those  from  the  diffuse  screen  were  made  by  changing  the 
ladder  height  at  the  same  angular  position  eliminating  the 
introduction  of  error  by  making  the  measurements  separately. 
The  fluorescent  screen  was  sampled  at  various  angular 
positions  to  compare  its  shape  to  that  of  the  diffuse  screen 
as  well. 

The  qualitative  analysis  of  the  profile  was  done  using 
the  profile  plot  and  three  dimensional  plot  options  of  Image 
1.29.  The  profile  plot  was  made  by  first  determining  the 
coordinates  of  the  pixel  of  greatest  intensity  for  the 
series  of  images  beginning  at  the  zero  degree  image.  The 
y-coordinate  of  that  pixel  was  188.  The  x-coordinate  to 
start  the  profile  was  selected  as  186  providing  a  scan  width 
of  119  pixels  for  all  scans.  The  full  width  the  half 
maximum  (FWHM)  was  measured  to  study  the  shape  of  each 


82 


profile.  Figure  35  shows  the  graph  of  the  FWHM  of  the 
gaussian  profiles  for  the  mirror.  There  are  basically  two 
levels  of  values  depicted  on  the  graph.  The  upper  level  are 
those  produced  during  the  initial  sweep  in  the  positive 
direction  as  shown  in  the  graph  contained  in  Figure  36.  The 
downward  direction  of  the  FWHM  is  very  clear  until  the 
intensity  could  not  be  separated  from  the  background  noise 
at  positive  four  degree  position.  Upon  continuing  to  rotate 
in  the  positive  direction,  faint  traces  of  OTR  were 
detected  and  measured  at  the  -2  degree  (358  degrees) 
position.  The  trend  after  returning  to  the  zero  degree 
position  again  is  a  slight  increase  in  profile  shape  and  is 
shown  in  Figure  37.  As  mentioned  earlier,  problems  with 
the  linac  began  to  affect  the  experiment  and  obscured  to 
some  extent  the  true  OTR  pattern  because  the  electron  beam 
current  could  not  be  controlled.  But  some  useful 
information  is  clear  from  the  data.  Figure  36  also  shows 
the  positive  rotation  covering  the  zero  through  four  degree 
range  over  which  the  OTR  pattern  was  visible.  The  slope  of 
the  curve  fit  to  the  data  reveals  a  steady  decline 
representing  the  deformation  of  the  beam  profile  shape  with 
the  change  in  angle  of  specular  reflection.  Since  the 
intensity  of  the  OTR  pattern  was  determined  to  be  a  strong 
function  of  the  angle  of  specular  reflection,  the  drop-off 
of  intensity  at  the  four  degree  mark  is  not  surprising.  The 
deformation  to  the  profile  shape,  however,  does  not 
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Figure  35:  Mirror  Profile  Shape.  The  Full  Width  at  Half 
Maximum  (FWHM)  was  measured  for  line  profiles  taken 
at  various  angles.  The  graph  shows  the  performance  of 
the  mirror  and  the  decreasing  FWHM  away  from  zero 
degrees.  The  upper  values  reflect  the  positive  rotation  and 
a  negative  slope  showing  that  the  FWHM  decreases  as  the 
angle  increases.  The  bottom  values  show  the  FWHM 
decreasing  on  the  opposite  side  of  zero. 
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Figure  36:  Curve  Fit  to  Mirror  FWHM.  The  slope  of  the 
line  fit  to  the  data  from  the  front  surface  mirror  is 
negative  reflecting  a  decrease  in  the  FWHM  as  a 
function  of  increasing  angular  displacement  from  zero. 
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Figure  37:  Mirror  Profile  Shape:  The  trend  as  the  ladder 
traverses  360  degrees  shows  the  FWHM  increasing  as 
the  ladder  returns  to  zero  degrees. 


drop  off  as  quickly  as  illustrated  by  the  slope  of  -8.302-2 
intensity  units  per  degree.  But  the  trend  is  definitely 
smaller  corresponding  to  the  narrowing  of  the  OTR  image  with 
an  increase  in  angle.  An  important  feature  to  note  is  that 
the  OTR  image  intensity  is  proportional  to  the  current  and 
inversely  proportional  to  the  Lorentz  factor.  Consequently, 
the  increased  range  of  OTR  intensity  over  the  first 
experiment  is  consistent  with  the  theory  set  forth  by 
Ginsburg  and  Frank  since  the  beam  current  was  adjusted  to 
higher  levels  to  produce  as  many  clear  images  as  possible 
within  the  limitations  of  the  NPS  linac. 

The  diffuse  screen  results  of  the  first  experiment  were 
reproduced  nicely.  However,  this  second  experiment  also 
sought  to  answer  those  additional  questions  raised  during 
the  first  run.  The  extent  of  the  increased  range  over  the 
front  surface  mirror  was  investigated  by  rotating  360 
degrees.  As  mentioned  previously,  the  diffuse  mirror 
continued  to  provide  excellent  OTR  patterns  until  the  edge 
of  the  ladder  in  which  the  screen  was  mounted  prevented  the 
electron  beam  from  hitting  the  screen.  This  occurred  at 
the  positive  35  degree  position  as  a  function  of  the 
dimensions  of  the  ladder  frame  with  respect  to  the  diffuse 
screen.  The  profiles  were  taken  and  measured  in  the  same 
way  as  for  the  front  surfaced  mirror.  Additionally,  the 
problems  with  the  linac  had  an  impact  on  the  diffuse  screen, 
but  to  a  lesser  extent.  Figure  38  shows  the  graph 


87 


ANGLE 


Figure  38:  Diffuse  Profile  Shape.  The  FWHM  from  the 
line  profiles  were  plotted  as  a  function  angle.  The 
angular  range  is  much  wider  than  for  the  mirror. 


of  FWHM  for  the  profiles  created  using  the  profile  plot 
option.  A  quick  comparison  of  this  graph  for  the  diffuse 
screen  with  Figure  35  for  the  front  surfaced  mirror  shows 
much  less  scatter  reflecting  a  more  constant  beam  profile. 

A  closer  comparison  shows  that  over  the  same  range  of  angles 
(0-4  degrees)  the  diffuse  screen  produced  nearly  constant 
FWHM  indicating  a  nearly  constant  profile.  Figure  39  shows 
the  straight  line  curve  fit  for  the  FWHM  plotted  against 
angle  until  the  ladder  frame  obscured  the  screen.  The  slope 
of  the  curve  is  0.0135  units  per  degree.  The  slope  of  the 
curve  fit  to  the  mirror  data  was  six  times  greater  in  spite 
of  the  six  fold  increasr  in  anglular  range  over  the  mirror. 

The  positive  slope  suggests  that  the  image  width  does  not 
grow  small  with  angle  as  in  the  case  of  the  mirror. 

The  values  acquired  on  the  negative  side  of  the  rotation 
were  recorded  from  -5  to  -1.5  degrees.  As  previously 
stated,  the  linac  began  losing  the  ability  to  produce  the 
quality  beam  experienced  during  the  first  part  of  the 
experiment.  Nevertheless,  the  values  for  FWHM  were  nearly 
constant  again  (see  figure  40) .  The  change  in  value  was 
attributed  to  the  fluctuations  in  the  linac.  The  slope  of 
the  curve  is  0.017  units  per  degree  which  is  less  steep  than 
the  positive  side  of  the  rotation.  Based  on  the  preceding 
data,  the  diffuse  screen  preserves  the  beam  profile  shape 
with  minor  fluctuations.  The  mirror  shape  does  not 
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deteriorate  as  fast  as  the  intensity  of  the  OTR  image.  But 
the  shape  deforms  at  a  rate  six  to  seven  times  faster  than 
the  diffuse  screen. 

Samples  of  the  fluorescent  screen  showed  a  significantly 
wider  FWHM  than  that  found  using  the  mirror  or  diffuse 
screen.  Figure  43  shows  the  graph  of  the  FWHM  as  a  function 
of  angle  on  the  same  scale  as  the  mirror  and  diffuse  graphs. 
This  shows  a  definite  increase  in  magnitude  over  the  other 
surfaces  as  well  as  a  slight,  though  clearly  detectable 
increase  in  slope.  Figure  41  shows  the  straight  line  fit 
to  the  data  points  giving  a  slope  of  0.01  units  per  degree 
which  is  slightly  less  than  the  diffuse  screen  and  eight  and 
a  half  times  smaller  than  the  mirror.  Thus,  the  shape  of 
the  curve  generated  by  the  profile  plot  option  for  the 
fluorescent  screen  changes  least  of  all  three  surfaces. 

The  positive  slope  indicates  that  the  fluorescent  screen 
generated  image  does  not  grow  narrower  with  angle  in 
agreement  with  the  diffuse  screen.  The  problem  with  using 
it  as  a  beam  profile  stems  from  the  previous  discussion  of 
the  false  profile  that  it  presents.  This  is  verified  by  the 
size  of  the  FWHM  relative  to  the  mirror  and  the  diffuse 
screen.  The  average  FWHM  for  the  fluorescent  screen  is  0.39 
inches  while  the  average  for  the  diffuse  screen  and  mirror 
are  0.23  and  0.24  inches,  respectively.  Combined  with  the 
practical  problem  associated  with  speed  at  which  the  surface 
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saturates  with  current,  the  fluorescent  screens  will  not 
serve  as  a  useful  profile  monitor. 

Three  Dimensional  Plot 

The  three  dimensional  (3D)  plot  gives  additional 
qualitative  information  on  the  transition  radiation  produced 
by  relativistic  electrons.  Figure  42  shows  the  OTR  image  of 
the  shape  of  the  electron  beam  incident  on  a  front  surface 
mirror.  The  image  shows  the  electron  beam  has  tails  and  is 
oval  in  shape,  not  circular.  Figure  43  is  the  OTR  image 
from  the  diffuse  screen  at  the  same  angle  of  orientation 
(0.0  degrees).  The  diffuse  screen  and  the  mirror  both 
reflect  the  same  characteristic  beam  shape.  The  diffuse 
screen  3D  plots  of  OTR  support  the  previous  findings.  The 
3D  plots  remain  the  same  throughout  rotation.  Figures  44 
and  45  show  images  taken  at  5.0  and  20.0  degrees.  The  shape 
is  nearly  constant.  The  mirror,  however,  rapidly  changed 
shape  before  reaching  an  angle  of  4.0  degrees.  At  that 
position,  GIR  was  not  discernible  from  background  noise. 

Figures  46  and  47  are  3D  plots  of  the  fluorescent  screen 
at  5.0  and  20.0  degrees,  respectively.  The  strength  of  the 
fluorescent  screen  is  its  ability  to  preserve  its  shape 
independent  of  angle  of  observation.  The  fluorescent 
screen,  however,  does  not  provide  an  accurate  representation 
of  the  electron  beam  profile  or  shape.  It  experiences 
secondary  electron  effects  which  distort  the  true  image  into 
a  nearly  circular  pattern.  Since  the  mirror  at  zero 
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degrees  (Figure  42)  profiles  the  true  beam  shape  [Ref.  6], 
the  difference  in  profiles  (of  the  fluorescent  and  front 
surface  mirror)  suggests  that  the  fluorescent  screen,  though 
independent  of  observation  angle,  does  not  accurately 
profile  the  true  beam  shape.  This  finding  agrees  with  the 
FWHM  study  discussed  previously. 

This  chapter  has  demonstrated  that  the  diffuse  screen  is 
an  excellent  beam  profile  monitor.  It  expands  the  range  of 
angles  over  which  OTR  can  be  seen,  measured  and  analyzed. 

It  is  also  less  sensitive  to  electron  beam  fluctuations. 
Additionally,  the  OTR  signal  from  the  diffuse  screen  is  a 
linear  function  of  the  beam  current.  These  all  combine  to 
make  the  diffuse  screen  a  useful  beam  diagnostic  and  monitor 
without  the  limitation  of  a  single  angle  of  specular 
reflection. 
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Figure  39:  Diffuse  Profile  Shape.  The  slope  of  the  line 

fit  to  the  FWHM  from  zero  to  30  degrees  is  non-negative 
and  less  than  the  slope  for  the  mirror. 
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Figure  40:  Diffuse  Profile  Shape.  The  slope  of  the  1 ir»p 
fit  to  the  FWHM  from  3o5  co  zero  degrees  is  also  less 
than  the  mirror. 
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Figure  41;  Florescent  Profile  Shape.  The  slope  of  the 
FWHM  from  the  line  profiles  of  the  florescent  screen 
r.’ith  respert  to  angle  is  one  smallest  of  all  surfaces. 
The  FWHM  was  most  nearly  constant. 


Figure  42:  Mirror  3D  Plot.  The  mirror  is  oriented  at 
0.0  degrees.  The  shape  is  oval  and  not  circular. 
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Figure  43:  Diffuse  3D  Plot.  The  screen  is  oriented  at 
0.0  degrees  and  retains  the  oval  character  of  the  mirror 
in  Figure  42. 
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Figure  44:  Diffuse  3D  Plot.  The  screen  is  oriented  at 
5.0  degrees.  The  oval  shape  is  retained. 


98 


Figure  45:  Diffuse  3D  Plot.  The  diffuse  is  oriented  at 
20.0  degrees.  The  oval  shape  is  preserved  although  the 
signal  is  closer  to  the  noise. 
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Figure  46:  3D  Plot  of  Fluorescent  Screen.  The  screen  was 
oriented  at  5.0  degrees.  The  image  is  more  circular  than 
both  diffuse  and  the  mirror  shapes.  The  image  is  also 
wider. 
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Figure  47:  3D  Plot  of  Fluorescent  Screen.  The  screen 
was  oriented  at  2  0  degrees.  The  sic  nil  is  even  wider 
and  more  circular  than  at  5.0  degrees.  This  screen 
preserves  the  FWHM  better  than  the  other  two  screens. 
But  it  preserves  a  false  beam  representation  due  to 
secondary  electron  effects. 
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V.  CONCLUSIONS 


A.  EMITTANCE  MEASUREMENT  EXPERIMENT 

The  use  of  transition  radiation  as  a  beam  diagnostic  was 
demonstrated  during  the  emittance  measurement  experiment. 

The  OTR  distribution  pattern  captured  after  the  experimental 
setup  revealed  that  the  electron  beam  was  not  coincident 
with  the  laser  beam  used  to  align  the  optics.  The  laser  was 
forced  to  follow  path  of  the  electron  beam  and  the 
colinearity  was  confirmed  using  OTR.  The  remainder  of  the 
optics  could  then  be  aligned.  The  OTR  was  also  used  to 
identify  peculiar  behavior  of  the  electron  beam  that  might 
otherwise  have  gone  unnoticed.  Observation  of  beam 
displacement  in  the  vertical  direction  was  was  due  to 
accelerator  frequency  change  and  was  an  example  of  the 
utility  of  the  OTR  as  a  beam  diagnostic.  The  motion  was 
caused  by  the  misalignment  of  the  linac  sections  and  found 
to  be  freguency  dependent.  Oscillatory  motion  in  the 
horizontal  direction  was  found  to  be  the  result  of  an 
unstable,  two  component  beam.  Analysis  of  the  OTR  pattern 
led  to  the  corrective  action  of  reducing  the  width  of  the 
energy  slits.  Reducing  the  width  of  the  energy  slits  also 
served  to  eliminate  the  distortion  in  the  interference 
pattern  due  to  the  energy  spread  of  the  electron  beam. 

Using  OTR  as  an  on-line  beam  diagnostic  resulted  in  the 
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observation  of  a  circular  interference  pattern  suitable  for 
emittance  measurements.  The  data  were  obtained  successfully 
and  will  be  used  to  determine  the  NPS  linac  beam  emittance. 

B.  BEAM  MONITOR  EXPERIMENT 

The  diffuse  screen  proved  to  be  an  excellent  beam 
profile  monitor.  It  accurately  preserved  the  shape  of  the 
electron  beam  incident  on  the  vacuum/metal  interface  to  a 
range  of  +/-  30  degrees.  The  intensity  of  the  transition 
radiation  produced  by  electrons  was  also  found  to  be  a 
linear  function  of  the  current  measured  by  the  secondary 
emission  monitor  (SEM) .  The  diffuse  screen  is  an 
inexpensive,  easily  constructed  device  which  captures  the 
actual  beam  profile  and  shape.  For  the  purposes  of  this 
experiment,  the  diffuse  screen  was  evaluated  for  angle  and 
current  dependence.  It  was  compared  to  a  front  surface 
mirror  and  fluorescent  screen  producing  convincing  evidence 
of  its  efficacy  as  a  profile  monitor. 

The  diffuse  screen  demonstrated  several  advantages  over 
the  front  surface  mirror  and  the  fluorescent  screen.  The 
principal  advantage  over  the  front  surface  mirror  was  its 
ability  to  preserve  the  electron  beam  profile  over  a  wide 
range  of  angles.  Rotation  of  the  mirror  quickly  caused  the 
visible  OTR  to  be  elongated  and  narrow.  Thus,  as  the 
angular  displacement  increased,  information  about  the 
electron  beam  was  lost.  The  diffuse  screen  also  accurately 
reflected  the  true  shape  of  the  electron  beam.  The 
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fluorescent  screen  preserved  its  shape  over  an  equally  large 
range  of  angular  displacements.  But  the  fluorescent 
screen's  image  did  not  accurately  reflect  the  true  beam 
shape.  The  secondary  electron  effects  caused  the  image  to 
be  more  circular  than  the  electron  beam  and  possess  a  much 
wider  full  width  at  half  maximum.  The  fluorescent  screen 
also  demonstrated  an  exponential  growth  in  its  signal  as  the 
current  was  increased.  Our  results  show  that  its  signal 
increases  linearly  with  the  current.  Future  measurements  to 
observe  the  linearity  from  the  diffuse  screen  at  higher 
currents  is  suggested. 

The  limitations  of  the  Image  1.29  and  Pixelpipeline 
software  packages  were  also  discussed.  The  Image  software 
has  a  major  flaw  in  the  computation  of  Integrated  Density 
designed  to  provide  a  quick  area  measurement  of  the  signal 
intensity.  The  experiment  demonstrated  that  the  Mean 
Density  was  calculated  properly  and  could  be  used  in  the 
interim  as  a  quantitative  means  of  comparison.  The  Column 
Plot  A^er^ge  function  was  also  found  to  be  lacking  as  a 
quantitative  measure.  Designed  to  calculate  the  area  under 
the  curve,  the  measure  function  provides  highly 
inconsistent  results  indicating  yet  another  problem  with  the 
software.  The  Pixelpipeline  alone  does  not  provide  any 
analysis.  The  board  and  software  were  designed  to  operate 
with  the  Image  software.  The  Pixelpipeline  software, 
however,  does  permit  more  flexibility  in  data  acquisition. 
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Unfortunately,  the  instructions  are  sketchy  and  require 
direct  communication  with  the  manufacturer  to  fill  in 
omitted  details.  Lastly,  in  order  to  acquire  integrated 
images  while  simultaneously  performing  background 
subtraction,  the  Applications  Package  must  be  ordered  from 
Perceptrics,  the  manufacturer. 

C.  SUGGESTIONS  FOR  FOLLOW-ON  RESEARCH 

1.  Study  the  linearity  of  the  diffuse  screen's  signal 
with  respect  to  higher  currents. 

2.  Obtain  the  Perceptrix  version  of  Image  1.29  for 
analysis. 

3.  Obtain  the  Perceptrix  Applications  Package  to  create 
simultaneous  integration  and  background  subtract. 

4 .  Capture  fluorescent  screen  images  at  zero  degrees  to 
compare  with  the  mirror  and  diffuse.  Be  careful  not  to 
saturate.  Seek  ways  to  measure  the  SEM  current  at  lower 
levels  suitable  for  the  fluorescent  screen. 

5.  Reconfigure  the  ladder  to  permit  a  greater  range  of 
observation  angles  beyond  30.0  degrees. 

6.  Repeat  measurements  in  Chapters  3  and  4  to  refine 
data. 
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APPENDIX 

EQUIPMENT  LISTING 


PART  NUMBER;  NAME;  FUNCTION 

MANUFACTURER 

Canon 

200mm/l:2:8;  Camera  lens;  focuses  light  pattern. 

Newport  Corporation 

20Z20BD.1;  20th  wave  Zerodur  , irror,  2";  relfects  light. 
10Z20BD. 1 ;  20th  wave  zerodur  mirror,  1";  reflects  light. 
LS-35;  3'  x  5'  optical  breadboard;  for  mounting  components. 
VPH-3;  3:  rod  holder;  vertical  post  for  mounting  components 
VPH-4;  4;  rod  holder;  vertical  post  for  mounting  components 
SP-3;  3:  support  post;  form  ounting  components. 

P-1,  P-5;  fixed  height  post;  for  mounting  components. 
MSP-1.5;  1,5"  micro-support  post;  for  mounting  components. 
MPH-2;  2"  micro-post  holder;  hold  micro  post. 

C-l;  rod  collar?  maintains  post  height. 

MPC;  micro  post  collar;  maintains  post  height. 

MT-X;  microtranslator  stage;  1/4"  travel  stage. 

MRL-3;  micro  optical  rail;  holds  components  to  table. 

MM-2;  2"  square  mirror  mount;  holds  mirror. 

LH2-T;  simple  lens  holder;  holds  2"  diameter  lens. 

FH-2;  filter  holder;  holds  neutral  density  filters. 

ID-1.0;  iris  diaphragm;  aperture  to  control  emitted  light. 
LM-2;  lens  mount;  holds  2"  diameter  lens. 

280;  lab  jack;  large  lab  jack  for  3"  to  6"  height  control. 
270;  lab  jack;  smaller  lab  jack;  2:  to  4:  height  control. 
CL-4 ?  tie-down  clamp;  all-purpose  clamp. 
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CL-4;  tie-down  clamp;  all-purpose  clamp. 

360-90;  angle  bracket;  sliding  bracket  for  unusual  mountings. 
B-l,  B-2;  sliding  base;  provides  mounting  base. 

BP-5;  base  plate;  provides  mounting  base. 

400;  dual-axis  translation  stage;  0.5"  travel  in  2  directions. 
481;  rotary  stage;  for  rotary  motion. 

430-1;  translation  stage;  1"  travel  in  one  direction. 

CLMK-B2 ;  lens  holder;  holds  2"  diameter  200mm  Canon  lens. 
SP-6;  support  post;  6n  long  post  for  holding  components. 
MB-2;  magnetic  base;  magnetic  holder  for  components. 

370;  rod/clamp  assembly;  rod  and  clamp  for  holder  laser. 

812;  laser  mount;  two-axis  control  mount  for  laser. 

U-1301;  laser;  class  IIIA,  1  milliwatt  Helium-Neon  laser. 
Oriel  Corporation 

11512;  large  rail;  24”  x  4"  optical  rail  for  mounting 
components . 

11522;  standard  rail;  24”  x  2”  optical  rail,  holds  components. 

11601;  large  rail  carrier;  5”  square  carrier  mounts  onto  rail. 

11621;  standard  carrier;  3"  x  3.5”  carrier,  mounts  onto  rail. 

11641;  narrow  carrier;  3.25"  x  2"  carrier,  provides  stable 
base. 

12055;  tilt  table;  table  tilts  in  horizontal  plane  in  2  axes. 
12312;  standard  rod;  2"  long  rod. 

12330;  standard  rod;  4"  long  rod. 

12350;  standard  rod;  6"  long  rod. 

14421;  stable  rod  holder;  2"  high  rod  holder. 

14432;  stable  rod  holder;  4”  high  rod  holder. 

14423;  stable  rod  holder;  6"  high  rod  holder. 
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12510;  rod  collar;  for  fixing  rod  height. 

40780;  plano-convex  lens;  2"  diamter  lens,  focal  length  of 
100mm. 

50350;  neutral  density  filter,  1.0;  reduces  light  to  10-%. 

50360;  neutral  density  filter,  2.0;  reduces  light  to  1%. 

27340;  linear  visible  polarizer;  2"  diameter,  polarizes  light. 

14230;  optical  clamp;  for  holding  optical  components. 

13872;  22:  ridgid  mount;  legs  for  holding  optical  breadboard. 

18011*;  Encoder  Mike  Controller;  for  controlling  motorized 
stages . 

13048*;  360°  motorized  rotary  stage;  for  precise  rotary 

motion. 

16338*;  2"  motorized  translation  stage;  for  precise  linear 
motion. 

18212-1-1200*;  electrical  cord;  connects  motorized  components 
with  Encoder  Mike  Controller. 

Ealing  Electro-Optics.  Inc. 

2668P74 ;  sector  star  target;  for  focusing  light. 

228437;  electronic  shutter;  opens/closes  to  admit  light. 
228460;  shutter  mount;  for  holding  shutter. 

Process  Physics.  Inc. 

C6C-0800* ;  six-way  vacuum  chamber;  holds  OTR  mirror. 

HTE.  Inc. 

50054*;  standard  8"  Conflat  flange;  for  six-way  chamber. 
50360;  nut,  bolt,  and  washer  set;  5/16-24  x  2  1/4. 

50329;  nut,  bolt,  and  washer  set;  5/15-24  x  1  3/4. 

Duniwav  Stockroom  Coro. 

VP-800-600*;  glass  viewport,  6”  O.D.,  8"  flange  O.D.;  for 
viewing. 
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G-800;  copper  gaskets;  8"  flange  O.D.  for  coupling  vacuum 
parts. 


Cohu.  Inc. 

4815-5000;  solid  state,  monochrome  CCD  camera;  for  viewing 
OTR. 

Hamamatsu .  Inc . 

C1000*;  Silicon  Intensified  Target  TV  Camera  and  camera 
control  unit;  for  view  OTR. 

C1440*;  frame  memory  image  analysis  system;  digitizer  for  C100 
camera . 

*  signifies  component  (or  equivalent)  has  been  borrowed  from 
Dr.  F.B.  Fiorito,  Code  R4i,  Naval  Surface  Warfare  Center, 
Silver  Spring,  MD. 
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